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The  electrical  properties  and  structure  of  three  different  electrical  contacts 

to  p-ZnSe  were  studied.  Sputter  deposited  Au  and  Ag  contacts  were  heat 

treated  over  a  range  of  150  to  400  °C  to  determine  the  effect  of  heat  treatments 

on  the  reverse  bias  breakdown  voltage  of  these  Schottky  contacts.  The 

minimum  breakdown  voltage  for  Au  contacts  was  found  to  be  ~3  volts  following 

heat  treatment  at  350  °C  for  30  minutes.  Analytical  data  indicated  that  Au 

diffused  into  the  ZnSe  during  heat  treatment,  resulting  in  the  formation  of  deep 

acceptor  levels  which  led  to  defect  assisted  avalanche  breakdown  dominating 

conduction.  The  minimum  reverse  bias  breakdown  voltage  for  Ag  contacts  was 

found  to  be  2.3  volts  following  heat  treatment  at  150  °C  for  45  minutes. 

Analytical  data  indicated  that  oxygen  was  incorporated  at  the  Ag/ZnSe  interface 

during  deposition  and  heat  treatment  which  co-doped  the  surface  region  of  the 

ZnSe  and  led  to  field  emission  dominating  conduction. 


V 


The  electrical  properties  and  conduction  mechanisms  of  HgSe/p-ZnSe 
contacts  were  also  studied.  These  contacts  were  formed  by  a  novel  ex  situ 
process  which  involved  capping  the  ZnSe  with  amorphous  Se,  diffusion  of  Hg 
into  the  Se  to  form  a  solid  solution,  and  precipitation  of  HgSe  from  solution. 
Auger,  secondary  ion  mass  spectrometry  and  transmission  electron  microscopy 
showed  that  this  process  yielded  a  stoichiometric  HgSe  layer  with  regions 
epitaxed  to  the  underlying  ZnSe.  Temperature  dependant  measurements 
showed  that  the  valence  band  offset  between  HgSe  and  ZnSe  was  0.55  eV. 

The  degradation  of  ZnTe/ZnSe  multiquantum  well  contacts  under  high 
current  loading  (1000  to  1500  A/cm2)  were  also  studied.  Localized  temperatures 
during  degradation  was  measured  to  be  300  °C  or  greater  at  the  point  where 
electrical  power  was  supplied.  Auger  data  from  degraded  samples  indicated  that 
due  to  the  localized  heating,  Zn  and  Te  from  the  ZnTe  layers  and  Zn  from  the 
ZnSe  layers  diffused  through  the  Au  metallization  to  the  sample  surface.  In 
addition,  thermal  stress  from  the  localized  heating  generated  micro-cracks  in  the 
ZnSe  which  acted  as  high  diffusivity  paths  for  impurities.  Rectangular  defects 
oriented  to  the  micro-cracks  had  similar  geometries  to  dislocation  patches  (dark 
line  defects)  which  form  in  the  quantum  well  region  of  degraded  ZnSe  based 
laser  devices.  This  suggests  the  formation  of  similar  dislocation  patches  in  the 
quantum  well  region  of  the  multiquantum  well  contacts. 
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CHAPTER  1 
INTRODUCTION 

There  is  currently  a  strong  desire  to  fabricate  opto-electric  devices  which 
emit  light  in  the  blue  region  of  the  visible  spectrum  for  applications  such  as 
optical  data  storage  and  flat  panel  displays.  The  present  optical  storage  industry 
is  dominated  by  AIGaAs/GaAs  based  devices  which  operate  in  the  near  infrared 
region.  The  need  to  replace  infrared  devices  with  blue  light  emitting  devices 
arises  because  shorter  wavelengths  (blue)  can  be  focused  to  half  the  minimum 
spot  sizes  of  longer  wavelengths  (near  infrared),  yielding  the  ability  to  write  four 
times  as  much  data  in  the  same  surface  area  [And93].  Another  potential  and 
growing  application  for  blue  light  emitting  materials  and  devices  is  for  use  in  full 
color  displays  [Wer94].  This  need  for  materials  which  emit  in  the  blue  region 
with  high  brightness  and  efficiency  has  stimulated  significant  research,  but  the 
materials  and  devices  have  been  difficult  to  develop. 

One  of  the  more  promising  materials  for  use  in  blue  light  emitting 
applications  is  zinc  selenide  (ZnSe).  ZnSe  is  a  ll-VI  compound  semiconductor 
which  has  a  zincblende  structure,  a  5.668  A  lattice  parameter  [Wea76],  a  band 
gap  of  2.67  eV  [Shi80]  and  an  electron  affinity  of  4.09  eV  [Swa66],  at  room 
temperature.  The  ability  to  produce  n-type  ZnSe  by  chlorine  doping  has  been 
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possible  for  many  years  and  is  commonly  used  during  molecular  beam  epitaxial 
(MBE)  growth  of  n-ZnSe  [Ohk87,  Ren91 ,  Ohk92].  However,  the  ability  to 
reproducibly  dope  ZnSe  p-type  was  reported  in  1990  [Par90].  This  process, 
demonstrated  by  Park  and  coworkers,  used  nitrogen  gas  (N2),  which  is 
dissociated  by  an  RF  discharge,  as  the  dopant  source  during  MBE  growth  of  p- 
type  ZnSe.  The  availability  to  produce  both  n  and  p-type  doping  techniques  has 
lead  to  the  fabrication  of  ZnSe  based  light  emitting  diodes  (LEDs)  [Qui93,  Fan92] 
and  laser  diodes  (LDs)  [Fan92,  Haa91 ,  Gai93]  which  emit  in  the  blue  to  green 
regions  with  wavelengths  of  490  nm  to  516  nm. 

Although  ZnSe  devices  have  been  demonstrated,  there  are  still  many 
areas  which  require  further  advancement  before  commercial  devices  can  be 
manufactured  and  marketed.  One  of  the  more  critical  problems  facing  ZnSe 
based  LEDs  and  LDs  is  their  short  lifetimes  under  both  pulsed  and  continuous 
wave  (cw)  operation.  Currently  the  highest  pulsed  output  power  (-0.5  watts), 
highest  operating  temperature  (394  K),  and  lowest  threshold  current  (2.5  mA)  for 
laser  devices  have  been  obtained  from  devices  based  on  a  single  quantum  well 
(QW)  design  which  consists  of  a  strained  CdZnSe  layer  between 
ZnMgSSe/ZnSeS  confinement  layers  [Zor93].  Work  performed  by  S.  Guha  et  al. 
[Guh94]  indicates  that  degradation  in  these  devices  occurs  by  the  "emission"  of 
dark  line  defects  (DLDs)  along  the  <001>  direction  which  grow  into  patches  of 
dislocations  along  the  <01 1>  direction.  In  addition  to  short  lifetimes,  other 
problems  arise  from  the  fact  that  free  hole  levels  in  p-type  ZnSe  typically  plateau 
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in  the  1017  cm"3  range,  reportedly  due  to  the  formation  of  self  compensating 
defects  [Woo90,  Qui91].  These  doping  limitations  have  led  to  difficulties  in 
forming  ohmic  contacts.  Since  poor  contact  performance  is  believed  to  be  a 
contributing  factor  to  poor  device  lifetimes,  several  studies,  including  the  present, 
have  focused  on  establishing  a  simple  and  reliable  method  of  forming  long-lived, 
robust  ohmic  contacts  to  p-type  ZnSe. 

An  ohmic  contact  is  a  non-rectifying  metal/semiconductor  contact  which 
exhibits  linear  current  vs  voltage  characteristics  and  has  a  negligible  resistance 
in  comparison  to  the  bulk  resistance  of  the  semiconductor.  Ohmic  contacts  allow 
power  to  be  efficiently  applied  to  the  active  region  of  the  device  as  opposed  to 
being  consumed  in  the  contacts.  Identifying  a  process  for  forming  ohmic 
contacts  to  p-ZnSe  has  proven  to  be  a  difficult  task,  due  to  the  properties  and 
processing  limitations  of  ZnSe.  Significant  effort  has  been  expended  studying 
conventional  metal  contact  schemes  to  p-ZnSe,  but  these  have  not  resulted  in 
the  formation  of  ohmic  contacts.  These  efforts  and  the  fundamental  problems 
associated  with  ohmic  contact  formation  to  p-ZnSe  will  be  discussed  in  chapter 
two  which  is  a  review  of  the  literature. 

The  inability  to  form  ohmic  metallizations  to  p-ZnSe  has  lead  to  the  use  of 
more  elaborate  techniques.  The  first  pseudo-ohm ic  contacts  developed  were 
based  on  mercury  selenide  (HgSe)  which  is  a  narrow  gap  semimetal  [Lan92].  In 
addition,  contact  schemes  have  been  identified  which  are  based  on  alternating 
layers  of  ZnTe  and  ZnSe  arranged  in  pseudograded  [Fan92]  or  multiquantum 


4 

well  [Hie93]  structures.  Both  the  HgSe  and  ZnTe/ZnSe  contacts  will  also  be 
discussed  in  more  detail  in  chapter  two. 

The  tremendous  interest  in  developing  ZnSe  devices  has  lead  to  many 
researchers  contributing  to  ohmic  contact  research,  leading  to  rapid  progress 
over  the  past  several  years.  The  research  in  this  dissertation  focused  on  three 
different  contacts  schemes.  This  work  is  described  in  chapters  three,  four,  and 
five  of  this  dissertation,  with  the  electrical  characterization  of  Au  and  Ag  contacts 
to  p-type  ZnSe  presented  in  chapter  three.  For  these  metals,  heat  treatments 
were  identified  which  reduced  the  metal  contact's  reverse  bias  breakdown 
voltage  (VB)  and  the  composition  and  structure  of  the  contacts  were  analyzed  to 
identify  changes,  induced  by  the  heat  treatments,  which  led  to  the  reduction  in 
VB  In  chapter  four,  results  from  a  second  rectifying  contact  scheme,  based  on 
HgSe  contacts,  is  reported.  This  work  focussed  on  the  characterization  of 
mercury  selenide  (HgSe)  contacts  formed  by  a  novel  ex  situ  process.  HgSe/p- 
ZnSe  contacts,  which  are  know  to  have  a  small  valence  band  offset  (<J>B)  [Fan92], 
were  formed  by  reacting  a  Se  capping  layer  (on  p-ZnSe)  with  Hg  vapor  to  form 
HgSe.  These  contacts  were  found  to  have  a  lower  <}>B  than  Au  and  Ag 
metallizations,  but  were  not  ohmic. 

Although  significant  progress  has  been  made  in  reducing  the  rectifying 
properties  of  metal  and  semimetal  contacts  and  researchers  are  still  studying 
both,  the  ZnSe/ZnTe  contacts  are  currently  the  most  promising  solution  [Fan92, 
Hie93].  Since  further  refinement  of  ZnSe  devices  requires  reliable,  low 


resistance  contacts,  chapter  five  reports  work  focused  on  refining  ZnSe/ZnTe 
contacts.  As  will  be  described,  observations  at  3M  Company  indicate  that  high 
current  densities  (>30  A/cm2)  cause  the  formation  of  DLDs  (which  quench  the 
light  output  in  opto-electric  devices)  and  failure  of  ZnSe/ZnTe  contacts  [bau95]. 
Therefore,  the  degradation  of  ZnTe/ZnSe  contacts  was  characterized  to  provide 
a  thorough  understanding  of  their  performance,  longevity,  and  failure 
mechanisms.  Conclusions  from  these  studies  are  summarized  in  chapter  six 
and  suggested  future  research  is  discussed  in  chapter  seven. 


CHAPTER  2 
REVIEW  OF  THE  LITERATURE 

Schottkv  and  Ohmic  Contacts 


When  metal/semiconductor  contacts  are  formed,  they  commonly  result  in 
rectifying  Schottky  contacts  which  inhibit  current  flow  across  the 
metal/semiconductor  interface  [Sch38].  When  an  intimate  electrical  contact  is 
made  between  a  metal  and  a  semiconductor,  the  Fermi  level  (Ef)  in  the  two 
materials  equilibrate  and  the  vacuum  level  is  continuous,  as  shown  for  a  metal/n- 
type  semiconductor  interface  in  figure  2.1 .  This  leads  to  bending  of  the 
conduction  and  valence  bands  in  the  semiconductor,  which  results  in  a  barrier 
(4>B)  that  impedes  conduction  of  charge  carriers  from  the  metal  to  the 
semiconductor.  When  ohmic  contact  behavior  is  required,  careful  selection  of 
contact  materials,  surface  modifications,  interfacial  reactions,  or  the  formation  of 
unique  structures  are  required  to  insure  the  free  flow  of  charge  carriers  across 
the  interface.  As  a  result,  a  review  of  conduction  mechanisms  in  Schottky 
contacts  is  helpful  to  understand  the  development  of  ohmic  contacts.  In 
particular,  the  reverse  bias  conduction  mechanisms, since  this  will  restrict  the 
current  flow  in  our  measurements. 
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There  are  four  conduction  mechanisms  for  reverse  biased  Schottky 
contacts:  thermionic  emission,  field  emission,  electron-hole  generation,  and 
minority  carrier  injection  [Sha84,  p.  35].  Electron-hole  generation  and  minority 
carrier  injection  typically  dominate  for  low  carrier  concentrations  and  are  rarely 
utilized  in  ohmic  contacts.  However,  thermionic  or  field  emission  conduction  can 
be  utilized,  through  careful  design,  to  yield  ohmic  behavior  from  otherwise 
Schottky  contacts.  The  expressions  describing  the  thermionic  emission  currents 
in  a  reversed  bias  Schottky  diode  were  originally  developed  by  Wagner 
[Wag31],  and  Schottky  and  Spenke  [Sch39]  and  are  as  follows: 

l  =  l0[exp(-qVR/kT)-1]  (2-1) 

where, 

l0  =  SA*T2  exp(A<t>B-4>B/kT)  (2-2) 

and, 

A*  =  4nm*qk2/h3.  (2-3) 


In  these  equations,  q  is  the  charge  on  an  electron,  VR  is  the  applied  reverse  bias, 
k  is  Boltzmans'  constant,  T  is  temperature,  S  is  the  contact  area,  4>Bis  the  barrier 
height,  m*  is  the  charge  carrier  effective  mass,  and  h  is  Planck's  constant.  A*  is 
the  Richardson  constant,  and  A<J>B  results  from  several  mechanisms  such  as 
image  force  reduction  or  by  thin  oxides  (or  interfacial  layers)  between  the  metal 
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and  semiconductor  which  are  sufficiently  thin  for  tunneling  to  occur  (<  20  A). 
While  thin  oxides  are  not  always  present,  barrier  lowering  from  image  force 
reduction  affects  all  Schottky  contacts  and  may  be  calculated  as  follows  [Sha84, 
p.  51]: 

A(|)B=[(q3Nd/8ned2es)(Vi+VR)]1/4  (2-4) 

Here,  Nd  is  the  carrier  concentration  in  the  semiconductor,  ed  is  the  dielectric 
constant  in  the  depletion  region,  es  is  the  dielectric  constant  in  the  bulk 
semiconductor  (ed  ~  es),  and  Vj  is  the  built  in  potential  of  the  barrier.  From  the 
equations  above,  the  reverse  bias  saturation  current  can  be  greatly  increased 
(leading  to  ohmic  behavior)  by  reducing  4>B.      Thermionic  emission  currents  in 
reverse  bias  Schottky  contacts  are  typically  described  by  one  of  two  conduction 
mechanisms:  thermionic  field  emission  or  tunneling.  Thermionic  field  emission 
usually  occurs  with  lower  carrier  concentrations  when  the  barrier  tyB  is  wide  near 
the  base  (low  energy  above  Ef )  but  is  sufficiently  thin  for  tunneling  to  occur  near 
the  top  (high  energy  above  Ef).  Charge  carriers  which  gain  sufficient  thermal 
energy  to  reach  the  thin  region  of  the  barrier  have  a  high  probability  of  tunneling 
through  the  barrier.  In  the  case  of  high  carrier  concentrations,  the  barrier  width 
becomes  sufficiently  thin  at  the  base  for  charge  carriers  to  tunnel  directly 
through.  Field  emission  currents  in  reversed  bias  Schottky  contacts  were 


initially  modeled  by  Padovani  and  Stratton  [Pad66],  who  developed  the  following 
relationship; 

I  =  SJS  exp  (-qVR/E')  (2-5) 

where, 

Js  =  (A*(nE0O)1/2/kT)[-qVR+((l)B/cosh2(E00/kT)]1/2  exp(-<j>B/E0),  (2-6) 
E'  =  E00[(E00/kT)-tanh(E00/kT)]-1,  (2-7) 
E0  =  E00  coth(E00/kT)  (2-8) 

and 

E00  =  qh/4n(Nd/m*es)1/2.  (2-9) 
Here,  Nd  is  the  semiconductor  carrier  concentration,  and  es  is  the  dielectric 
constant  of  the  bulk  semiconductor.  This  set  of  equations  describes  both 
thermionic  field  emission  and  tunneling.  If  E00  is  small  in  comparison  to  kT,  then 
the  field  emission  current  is  dependant  on  temperature  and  thermionic  field 
emission  will  occur.  In  contrast,  if  E00  is  large  in  comparison  to  kT,  then  the  field 
emission  current  is  relatively  independent  of  temperature  and  tunneling  will 
occur.  Either  thermionic  field  emission  or  tunneling  can  result  in  contact 
impedances  which  are  sufficiently  lower  than  the  bulk  resistance  of  the 
semiconductor  so  that  ohmic  behavior  is  achieved. 

In  the  early  70's,  Sze  established  criteria  for  the  formation  of  ohmic 
contacts  based  on  the  observations  indicated  above  [Sze85,  p.  196].  These 
criteria  provide  categorization  of  ohmic  contacts  into  two  types,  depending  upon 
the  semiconductors  doping  level.  For  semiconductors  with  low  carrier 
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concentrations  (<1018  carriers/cm3),  conduction  across  the  interface  is  dominated 
by  thermionic  emission  as  described  by  Schottky.  Therefore,  to  achieve  ohmic 
behavior  in  low  doped  semiconductors,  there  must  be  a  low  <|>B  for  majority 
carriers.  In  n-type  semiconductors,  Ef  is  near  the  bottom  of  the  conduction  band 
edge  (Ec),  therefore  to  minimize  the  interfacial  barrier  height  for  majority  carriers 
(electrons)  a  contact  metal  must  be  chosen  with  a  work  function  (4>J  which  is 
approximately  equal  to  or  less  than  the  semiconductors  electron  affinity  (xJ. 
Since  the  work  function  of  the  metal  and  semiconductor  are  matched,  4>B  is 
minimized  which  allows  free  flow  of  charge  carriers  (Fig.  2.2a).  For  p-type 
semiconductors  Ef  is  near  the  top  of  the  valence  band  edge  (Ev),  therefore  to 
minimize  <t>B,  <J>m  must  be  approximately  equal  to  the  semiconductor's  band  gap 
(Eg)  plus  Xs  (Fig  2.2b).  This  minimizes  bending  of  the  valence  band  in  the 
semiconductor,  leading  again  to  a  low  <j>B  and  free  flow  of  charge  carriers  (holes). 
It  is  important  to  note  that  this  approach  to  forming  ohmic  contacts  by  matching 
$m  and  Xs  (or  Xs+Eg)  on|y  applies  to  semiconductors  without  Fermi  level  pinning. 
Pinning  may  be  caused  by  interface  or  near-surface  defect  states  [Sha84,  p.  8]. 

Defect  states  commonly  occur  on  the  surface  of  semiconductors  which 
have  predominantly  covalent  bonding  (such  as  Si  and  GaAs).  These  defect 
states,  as  originally  described  by  Bardeen  [Bar47],  have  a  number  of  origins 
including  impurities  and  interruption  of  the  crystal  lattice.  Atoms  at  the  surface 
of  the  semiconductor  are  missing  neighboring  atoms  and  therefore  broken 
(dangling)  covalent  bonds  exist  at  the  surface.  These  dangling  bonds  may  result 
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in  the  formation  of  defect  states  with  energy  levels  in  the  forbidden  gap.  In  order 
to  preserve  charge  neutrality  on  the  surface,  an  energy  level  (<J)0)  exists,  below 
which  the  defect  states  will  be  filled  with  electrons  and  have  donor-like  behavior. 
Above  (|)0,  the  defect  states  will  be  empty  and  have  acceptor-like  behavior  (Fig. 
2.3).  Since  Ef  at  the  surface  of  the  semiconductor  must  be  aligned  with  Ef  in  the 
bulk,  bending  of  the  conduction  and  valence  bands  will  occur,  causing  the  Fermi 
level  at  the  surface  to  shift  towards  mid  gap.  When  a  metal  layer  is  deposited 
on  the  semiconductor,  charge  exchange  occurs  primarily  between  the  metal  and 
surface  states,  if  the  density  of  surface  states  is  large.  Therefore,  the  charge 
distribution  in  the  semiconductor  is  relatively  unaffected  by  the  metal  overlayer 
and  the  Schottky  barrier  height  is  no  longer  dependant  upon  the  metal's  work 
function.  As  a  result,  Ef  at  the  semiconductor  surface  is  referred  to  as  pinned. 

The  second  method  of  forming  ohmic  conducts  established  by  Sze  is 
based  on  formation  of  a  highly  doped  semiconductor  surface  region  (1018 
carriers/cm3  or  greater).  As  a  result  of  these  high  doping  levels,  any  interfacial 
barrier  becomes  very  narrow  and  the  probability  of  tunneling  becomes  high. 
Since  the  tunneling  current  is  independent  of  the  polarity  of  the  voltage,  ohmic 
behavior  results  (Fig  2.4).  This  second  approach  allows  the  formation  of  ohmic 
contacts  even  when  defects  states  dominate  the  surface  properties  of  the 
semiconductor.  Of  the  two  contact  techniques,  tunneling  contacts  are  used  with 
greater  frequency  since  the  majority  of  semiconductor  devices  are  fabricated 
from  Si  or  GaAs  which  can  both  experience  Fermi  level  pinning. 
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Commonly,  electrical  contacts  require  a  post  deposition  heat  treatment  to 
achieve  ohmic  behavior.  Heat  treating  commonly  results  in  alloying  between  the 
contact  metal  and  the  semiconductor  [Hal50].  Therefore  metals  are  often 
chosen  which  dope  the  semiconductor  to  create  a  highly  doped  region  and  lead 
to  ohmic  behavior  through  tunneling.  Examples  of  such  systems  [Sze81 ,  P.  85] 
are  aluminum(AI)  on  p-Si  heat  treated  to  -580  °C,  and  a  gold-antimony  (Au-Sb) 
alloy  on  n-Si  heat  treated  to  400  °C.  In  other  cases,  heat  treatment  results  in 
interfacial  compounds,  such  as  metal/silicide/silicon  contacts.   In  these  contacts, 
the  metal/semiconductor  interface  is  eliminated  and  replaced  by  two  new 
interfaces,  a  metal/compound  and  a  compound/semiconductor  interface.  In  the 
case  of  silicide/silicon  interfaces,  the  interface  grows  into  the  bulk  silicon  (Si), 
and  eliminates  or  neutralize  the  surface  defects.  The  resulting  (j)B  is  no  longer 
dependant  on  the  surface  properties  of  the  silicon  or  the  metal's  work  function. 
Instead  it  depends  upon  the  difference  in  electron  affinity  and  work  function 
between  the  metal/silicide  and  silicide/silicon.  As  a  result,  contacts  can  be 
reproducibly  formed  with  a  predictable  <J>B.   Due  to  the  high  conductivity  of 
silicides  (often  metallic  in  nature),  metal/silicide  ohmic  contacts  are  easily 
formed. 

Commonly,  a  figure-of-merit  given  for  ohmic  contact  performance  is  the 
current  density  (A/cm2)  at  a  specific  voltage.  While  this  value  allows 
comparisons,  both  the  contact  resistance  and  the  bulk  resistance  of  the 
semiconductor  limit  the  current  flow.  A  more  accurate  figure  for  comparison  of 
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contacts  is  the  specific  contact  resistance  (Rc)  defined  as  follows: 

Rc  =  1/[3J/aV]v=0  (2-10) 
where  J  is  the  current  density  and  V  is  the  applied  voltage.  For  devices  with 
large  contact  areas  such  as  LEDs  and  LDs,  an  Rc  between  10"2  to  10"5  Qcm2  is 
considered  acceptable  [Wil85]. 

Metallic  Contacts  to  p-ZnSe 


Ohmic  contacts  to  n-ZnSe  based  on  indium  (In)  metallizations  [Ave61, 
Par77,  Wan92]  and  titanium/platinum/gold  (Ti/Pt/Au)  [Miy92]  are  well  known. 
However,  the  criteria  stated  above  for  <j>m  and  Xs+Eg  have  been  difficult  to 
achieve  for  p-ZnSe  due  to  the  large  values  of  Xs  (4.09  eV)  and  Eg  (2.67  eV).  The 
bonding  in  ZnSe  is  mixed  covalent  and  ionic,  with  neither  predominating. 
Therefore,  the  fraction  of  covalent  bonding  cannot  be  used  to  predict  whether 
Fermi  level  pinning  will  occur  or  if  ohmic  contacts  based  on  thermionic  emission 
currents  can  be  obtained.  However,  experimental  data  indicate  that  Fermi  level 
pinning  does  not  occur  with  ZnSe.  Ultraviolet-photo  emission  measurements 
from  thin  (<  4  A)  Au  films  on  intrinsically  n-type  MBE  grown  ZnSe(100)  indicate 
that  an  interfacial  dipole  forms  between  the  Au  and  ZnSe  [Xu88].  For  thicker 
coverages,  the  Schottky  barrier  height  was  measured  to  be  1 .45  eV.  After 
correcting  for  the  interfacial  dipole,  this  was  in  reasonable  agreement  with  the 
values  predicted  for  an  unpinned  Fermi  level. 
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These  results  were  confirmed,  by  other  photoelectron  spectroscopy 
measurements,  for  Au  and  Al  films  deposited  on  MBE  grown  ZnSe(100)  [Vos88, 
Che94].  In  work  by  Vos  et  al.  on  intrinsically  n-type  ZnSe,  the  Schottky  barrier 
height  was  found  to  be  higher  for  Au  (1 .45  eV)  as  compared  to  Al  (0.50  eV). 
This  result  is  expected  for  a  semiconductor  with  an  unpinned  Fermi  level  since  Al 
has  a  lower  work  function  (4.36  eV)  than  Au  (5.2  eV).  Chen  et  al.  measured  the 
Schottky  barrier  heights  for  Au  and  Al  on  n-type  (CI  doped,  2x1 018  cm"3)  and  p- 
type  (N  doped,  5x1 017  cm  3)  MBE  grown  (100)ZnSe.  For  Au  on  n  and  p-type 
ZnSe,  <J>B  was  found  to  be  1.55  eVand  1.15  eV,  respectively.  For  Al,  <}>B  was 
0.55  eV  on  n-type  and  2.15  eV  on  p-type  ZnSe.  As  seen  previously  for  Au  on  n- 
ZnSe,  these  Schottky  barrier  heights  are  in  good  agreement  with  predicted 
values  using  the  Schottky  model,  indicating  that  Fermi  level  pinning  does  not 
occur.  From  these  results,  the  first  method  of  forming  ohmic  contacts  outlined 
by  Sze  (selection  of  4>m  ±  xs)  should  work  for  n-ZnSe.  In  the  case  of  Ti/Pt/Au,  the 
low  ohmic  contact  resistance  was  attributed  to  matching  of  the  metal  and  ZnSe 
work  functions. 

Despite  the  lack  of  Fermi  level  pinning,  ohmic  contacts  dominated  by 
thermionic  emission  currents  on  p-ZnSe  are  not  easily  realized  because  Eg  +  Xb 
«  6.76  eV,  which  is  significantly  greater  than  the  work  function  of  metals  such  as 
Au  (5.2  eV).  This  fact  not  withstanding,  many  introductory  devices  based  on  N 
doped  p-ZnSe(100)  were  constructed  using  evaporated  Au  as  the  contact  metal 
[Qui93,  Fan92,  Haa91].  In  agreement  with  the  photoelectron  spectroscopy  data, 
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all  the  Au  contacts  were  found  to  be  rectifying,  resulting  in  LEDs  and  LDs  with 
high  threshold  voltages. 

In  an  effort  to  improve  contacts,  Ohkawa  et  al.  [Ohk91]  used  Pt  as  a 
contact  material,  which  has  a  higher  work  function  (5.32  eV)  [Whi36]  than  Au. 
The  contacts  were  formed  by  plasma  etching  1000  A  of  ZnSe  (N  doped  (100) 
with  a  carrier  concentration  of  4.4x1 015  cm"3)  from  the  sample  surface  using  a  20 
W  radio  frequency  (RF)  argon  (Ar)  plasma  at  200  mTorr.  Next,  -3000  A  of  Pt 
was  deposited  on  the  etched  region  by  RF  sputtering  using  Ar  ions,  300  W  input 
power,  and  a  pressure  of  20  mTorr.  For  comparison,  evaporated  Au  contacts 
were  also  deposited  on  unetched  p-ZnSe.  Although  the  Pt  contacts  were  found 
to  have  current  densities  which  were  10  times  that  of  the  Au  contacts,  they  were 
still  found  to  be  rectifying. 

In  another  attempt  to  reduce  the  (J)B  of  metal/ZnSe  contacts,  Chen  et  al. 
[Che94]  deposited  several  monolayers  of  Se  at  the  interface  between  N  doped 
p-ZnSe  ((100),  5x1 017  cm"3)  and  evaporated  Au.  In  this  work,  ZnSe  was  capped 
by  a  thick  Se  layer  prior  to  removal  form  the  MBE  growth  chamber.  Upon 
transferring  the  samples  to  an  surface  analytical  system  (capable  of  low  energy 
electron  diffraction,  ultraviolet,  x-ray,  and  soft  x-ray  photo  emission 
spectroscopy),  the  Se  cap  was  desorbed  at  temperatures  of  280  to  540  °C.  For 
heat  treatment  at  T<  310  °C,  several  monolayers  of  Se  were  found  to  remain  on 
the  ZnSe  (100)  surface  which  resulted  in  a  400  meV  decrease  in  the 
semiconductor's  work  function.  Upon  heating  to  340  °C,  the  remaining  Se  was 
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desorbed  and  the  work  function  was  found  to  increase.  The  reduction  in  work 
function  was  attributed  to  the  high  electronegativity  of  Se.  This  lead  Chen  and 
co-workers  to  intentionally  deposit  several  monolayers  of  Se  on  p-ZnSe  (100), 
prior  to  depositing  thin  Au  layers.  Photoelectron  spectroscopy  measurements 
through  the  thin  Au  layers  showed  that  the  Schottky  barrier  height  was  reduced 
from  1.15  eV  to  0.89  eV,  due  to  the  interfacial  Se.  This  0.25  eV  difference  in  (J>B 
was  found  to  disappear  following  heat  treatments  at  300  °C.  At  this  temperature 
the  Se  was  lost  due  to  vaporization  and  the  contact  structure  approximated  the 
Au/p-ZnSe  contacts  without  interfacial  Se. 

Attempts  to  apply  Sze's  second  ohmic  contact  approach  (i.e.  highly  doped 
surface  layers)  have  also  failed  due  to  the  inability  to  produce  highly  doped 
(>5x1018cm3)  ZnSe.  Prior  to  the  development  of  N  doping,  the  highest  carrier 
concentrations  for  p-ZnSe  were  achieved  using  lithium  (Li)  with  8x1 016  cm"3  as 
the  maximum  free  hole  concentration  [Haa90].  Higher  Li  concentrations  were 
reported  to  be  compensated,  leaving  the  ZnSe  highly  resistive.  Oxygen  (O)  was 
also  reported  to  be  a  p-type  dopant  for  ZnSe,  resulting  in  a  maximum  1.2x1016 
cm"3  free  hole  concentration  [Aki89a].  Nitrogen  radical  doping  [Par90]  has 
yielded  maximum  free  hole  concentrations  of -1x1 018  cm"3,  but  increasing 
compensation  prevented  higher  free  hole  concentrations  from  being  achieved  at 
higher  nitrogen  densities  [Woo90].  Mandel  [Man63]  used  energy  balance 
equations  to  show  that  in  ll-VI  semiconductors,  CdTe  and  ZnTe,  self 
compensation  occurs  when  the  energy  of  defect  formation  is  small  compared  to 
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the  energy  gained  by  compensation.  This  situation  occurs  in  more  ionic 
semiconductors  which  have  band  gaps  that  are  large  in  comparison  to  the 
cohesive  energy  of  the  crystal.  When  the  energy  gained  by  a  crystal  following 
the  non-radiative  recombination  of  a  free  carrier  at  a  defect  is  equivalent  to  the 
energy  required  to  create  the  defect  (the  lattice  cohesive  energy),  then 
compensating  defects  have  a  high  probability  of  being  generated.  This  postulate 
provides  a  potential  theoretical  explanation  for  the  difficulties  associated  with 
generating  a  highly  doped  p-ZnSe  region. 

As  expected  from  the  discussion  above,  attempts  to  improve  contact 
performance  by  increasing  the  carrier  concentration  in  the  near-surface  region 
have  met  with  limited  success.  Qui  et  al.  [Qui93]  demonstrated  that  the 
incorporation  of  active  N  dopant  in  p-ZnSe  could  be  increased  using  a  low 
temperature  (150  °C)  MBE  growth.  Qui  reported  the  highest  carrier  concentration 
for  p-ZnSe  of  -2x1 018  cm"3,  but  analysis  by  transmission  electron  microscopy 
(TEM)  indicated  this  material  had  a  high  density  of  dislocations  (109  cm"2).  The  I- 
V  characteristics  were  measured  for  Au  contacts  deposited  on  ZnSe  with  doping 
concentrations  of  1x1018  cm'3  and  growth  temperatures  of  150  °C  and  230  °C. 
While  extensive  characterization  of  the  contacts  was  not  performed,  the  data 
indicate  that  the  reverse  bias  breakdown  voltage  for  the  contacts  decreased 
from  ~4  volts  to  <  2  volts  when  the  growth  temperature  was  decreased  from  230 
°C  to  150  °C.  Based  on  this  study,  the  reduction  in  reverse  bias  breakdown 
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voltage  was  postulated  to  be  due,  in  part,  to  defect-assisted  tunneling  where  the 
defect  state  was  at  -0.5  eV  above  the  valence  band  maximum. 

Ohmic  Au  contacts  on  p-ZnSe  (dominated  by  tunneling  currents)  have 
been  reported  for  p-ZnSe  doped  with  oxygen  (0)  [Aki91].  Although  maximum 
free  hole  concentrations  in  0  doped  epitaxial  films  have  been  limited  to  the  1016 
range  for  MBE  grown  ZnSe,  in  this  work,  a  highly  doped  p-ZnSe  surface  region 
was  created  by  exposing  the  O-doped  p-ZnSe  to  an  oxygen  plasma.  This 
surface  modification  is  reported  to  result  in  ohmic  contacts  dominated  by 
tunneling  currents.  However,  oxygen  doping  of  ZnSe  has  proven  to  be 
unreliable  and  difficult  to  reproduce  [Hel93].  In  addition,  these  contacts  have  low 
current  densities  and  exhibited  large  hysteresis  loops  under  AC  bias.  As  a 
result,  these  contacts  do  not  appear  to  be  useful  for  device  applications. 

Based  on  the  review  of  metal  contacts  to  ZnSe,  it  is  unlikely  that  metal 
contacts  will  be  identified  with  work  functions  high  enough  to  result  in  ohmic 
contacts  dominated  by  thermionic  emission.  Similarly,  the  literature  reviewed 
also  indicates  the  many  obstacles  associated  with  obtaining  ohmic  contacts 
(dominated  by  tunneling)  by  generating  a  highly  doped  p-ZnSe  surface  region. 
However,  attempts  to  produce  metal/ZnSe  ohmic  contacts  have  focused  on 
selecting  contact  materials  based  on  their  work  functions,  or  surface 
modifications  prior  to  deposition.  Researchers  have  not  explored  the  effects  of 
heat  treatments  on  metal/p-ZnSe  contacts.  Since  heat  treatments  are  a 
fundamental  step  in  many  ohmic  contacts  process,  work  in  this  dissertation  was 
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aimed  at  identifying  heat  treatments  that  will  induce  interfacial  modifications 
leading  to  improved  metal/p-ZnSe  contacts. 

Based  on  the  literature  review,  increasing  the  ZnSe  near-surface  carrier 
concentration  is  difficult  due  to  self  compensation.  Thus  it  is  difficult  to  reduce 
the  interfacial  barrier  width  to  increase  the  probability  of  tunneling.  However, 
Sze  indicated  that  tunneling  can  occur  through  defect  states  in  the  forbidden  gap 
as  shown  for  a  p-n  junction  in  figure  2.5  [Sze81 ,  p.  528].  This  mechanism  was 
reported  by  Qui  et  al.  [Qui93]  to  reduce  the  reverse  bias  breakdown  voltage  for 
Au/p-ZnSe  Schottky  contacts.  Photoluminescence  measurements  by  Dean 
[Dea82]  indicated  that  Au  and  Ag  form  deep  acceptor  levels  in  ZnSe  with 
ionization  energies  of  550  meV  and  430  meV,  respectively.  These  ionization 
energies  are  »  3kT  so  an  insignificant  fraction  of  either  should  be  ionized  at 
room  temperature.  Therefore,  neither  would  contribute  to  p-type  doping. 
However,  the  defect  states  have  energies  similar  to  those  reported  by  Qui  et  al. 
and  may  participate  in  defect  assisted  tunneling. 

Heat  treatments  of  Ag  contacts  are  interesting  for  another  reason. 
Oxygen  has  a  high  permeability  (10"1 1  to  10"14  cnrrV1  at  400°Cto  800°C 
respectively)  through  Ag.  This  permeability  can  be  increased  even  more  by 
using  a  glow  discharge  to  dissociate  upstream  02  to  produce  O  [Out92].  As 
discussed  above,  0  is  a  p-type  dopant  in  ZnSe,  forming  a  shallow  acceptor  level 
with  ionization  energies  of  -80  meV  [Aki89b],  Although  compensation  is  still  a 
concern,  heat  treatments  of  Ag/ZnSe  contacts  in  an  oxygen  ambient  has  the 
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potential  to  generate  a  highly  0  doped  surface  region  by  co-doping  with  N  and 
0.  The  results  and  discussion  of  heat  treated  Au  and  Ag  contacts  on  p-ZnSe 
are  presented  in  chapter  3. 


HqSe  Contacts  to  p-ZnSe 


The  inability  to  form  ohmic  contacts  to  p-ZnSe  using  the  methods  outlined 
by  Sze  has  resulted  in  a  need  to  apply  more  elaborate  contact  techniques  to  p- 
ZnSe.  The  first  of  these  techniques  is  based  on  reducing  <|>B,  by  using  HgSe  as 
a  contact  material.  HgSe  is  a  highly  electronegative  semimetal  with  a  negative 
band  gap  of  -0.1 5eV  [W1I81,  Ekp90],  a  zinc  blende  structure  and  a  lattice 
parameter  of  6.08A  [Han58].  Research  on  mercury  chalcogenide  contacts  to 
ZnSe  by  Best  et  al.  [Bes76]  and  Scranton  et  al.  [Scr77]  predate  the  ability  to 
reproducibly  dope  ZnSe  p-type.  As  a  result,  these  studies  were  performed  on 
ZnSe  heated  in  liquid  Zn  to  produce  n-type  carrier  concentrations  of  5x1 017  cm"3. 
In  both  of  these  studies,  HgSe  was  deposited  by  evaporating  Se  from  a  boron 
nitride  crucible  which  was  then  passed  through  a  hot  quartz  tube  (to  crack  the 
resulting  Se  ring  structures)  producing  Se2.  A  droplet  of  liquid  Hg  was  placed  in 
the  evaporation  chamber  which  produced  Hg  vapor.  The  Hg  and  Se2  reacted  at 
room  temperature  and  formed  HgSe  on  the  substrate  surface.  Capacitance- 
voltage  and  photoresponce  measurements  from  these  samples  indicated  that 
HgSe  formed  Schottky  barriers  which  were  -0.5  eV  larger  than  those  formed  by 
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Au.  As  a  result  of  the  high  4>B  on  n-type  semiconductors,  Scranton  et  al. 
proposed  that  one  possible  application  for  the  HgSe  contacts  was  low  4>B 
contacts  to  p-type  semiconductors  (which  they  speculated  could  lead  to  ohmic 
contacts). 

Additional  studies  of  mercury  chalcogenides  on  common  anion  ll-VI 
compound  semiconductors  were  performed  by  Hsu  and  Faurie  [Hsu88].  In  this 
work,  core  level  X-ray  photoelectron  spectroscopy  (XPS)  measurements  were 
used  to  determine  <J>B  for  HgTe  contacts  on  CdTe  and  ZnTe.  This  work  showed 
that  4>B  for  the  HgTe/semiconductor  contacts  was  -20%  of  the  semiconductors 
band  gap  (EB).  Based  on  this  and  other  work,  Lansari  et  al.  [Lan92]  proposed 
an  empirical  "common-anion"  rule  for  mercury  chalcogenides  which  describes 
the  behavior  of  several  systems.  For  HgSe  on  p-ZnSe,  this  rule  indicates  that  <1>B 
for  hole  transport  will  be  -0.2  Eg,  where  Eg  is  the  band  gap  of  the  common-anion 
semiconductor.  Since  HgSe  is  a  semimetal  with  a  negative  band  gap,  the 
corresponding  conduction  band  offset  (AEC)  is  -0.8  Eg .  Based  on  this  rule,  <J>B  for 
HgSe  on  p-ZnSe  is  -0.6  eV,  as  shown  in  figure  2.6.  Proceeding  under  this 
assumption,  Lansari  et  al.  grew  HgSe  by  MBE  [Lan93]  for  contacts  on  p-ZnSe 
[Lan92].  The  optimal  MBE  growth  temperature  for  HgSe  was  -1 00  °C,  yielding 
material  with  n-type  carrier  concentrations  of  1018  cm"3  and  mobilities  of 
1x10-14cm2A/-S  at  300  °K. 

The  growth  of  HgSe/ZnSe  contacts  required  the  use  of  two  MBE  systems 
to  prevent  Hg  from  contaminating  ZnSe  during  growth.  The  first  chamber  was 


used  to  grow  N  doped  p-ZnSe(100)  (or  n-on-p  diode  structures  with  a  top  p- 
ZnSe  layer)  with  carrier  concentrations  of  5x1 017  cm'3.  Next,  the  samples  were 
moved  to  the  second  MBE  chamber,  through  a  vacuum  transfer  system,  where 
the  HgSe  was  grown.  As  a  final  step,  gold  (Au)  or  indium  (In)  was  deposited  to 
form  ohmic  contacts  to  the  HgSe. 

HgSe  contacts,  shown  schematically  in  figure  2.6,  were  found  to  have 
pseudo-ohmic  behavior  for  ;>  5x1 017  cm"3  p-ZnSe  at  300  °K  [Lan92].  They  were 
rectifying  for  lower  carrier  concentrations.  For  300  fj.m  X  300  /^m  square 
contacts,  current  densities  of  -0.333  A/cm2  were  observed  at  1  volt.  The  HgSe 
contacts  have  been  further  improved  by  growth  of  a  thin  (-100  A)  ZnTe02Se0  8 
layer  between  the  HgSe  and  p-ZnSe  [Ren94].  The  ZnTe0  2Se0  8  layer  was 
heavily  doped  by  nitrogen,  which  was  reported  to  result  in  the  formation  of  deep 
levels.  These  deep  levels  were  indicated  to  promote  resonant  tunneling  which 
leads  to  enhanced  current  flow  (Fig.  2.7).  The  Rc  or  current  densities  for  these 
type  of  contact  structures  alone  have  not  been  reported.  However,  forward 
biased  ZnSe  diodes  with  these  contacts  were  reported  to  have  current  densities 
of  200  A/cm2  at  4  volts. 

While  HgSe  contacts  have  shown  significant  promise,  the  growth 
procedure  for  these  contacts  requires  significant  capital  investment  which 
complicated  device  fabrication.  In  addition,  the  empirical  common  anion  rule  has 
never  been  confirmed  by  measuring  the  <j)B  of  HgSe  on  p-ZnSe.  To  improve  the 
utility  of  HgSe  contact,  research  presented  in  chapter  four  of  this  dissertation 
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focused  on  developing  a  simpler  ex  situ  process  for  forming  HgSe  contacts.  Se 
has  been  reported  to  act  as  a  passivating  layer  which  protects  the  surface  of 
ZnSe  upon  exposure  to  atmosphere,  and  can  subsequently  be  removed  by 
heating  the  sample  to  115-150  °C  in  ultra-high  vacuum.  This  yielded  a  clean 
single  crystal,  stoichiometric  and  well  ordered  surface  [Jon88].  In  fact,  Se 
capping  was  used  in  some  recent  HgSe  contact  experiments  to  protect  the  ZnSe 
surface  while  transferring  the  sample  between  the  ZnSe  and  HgSe  MBE  growth 
chambers  [Ren94].  An  ex  situ  process  was  developed  in  this  dissertation  to  form 
HgSe  on  capped  ZnSe.  This  capping  protects  the  ZnSe  samples  so  that 
atmospheric  processing  can  be  used  without  risk  of  contamination.  Once  the 
capped  samples  were  removed  from  vacuum,  it  was  reacted  with  Hg  vapor  to 
form  HgSe.  The  structural  and  interfacial  properties  of  ex  situ  HgSe  contacts  to 
p-ZnSe  were  characterized  along  with  their  electrical  properties,  including  <}>B 
The  results  and  discussion  of  HgSe  contacts  formed  by  the  ex  situ  process  are 
given  in  chapter  four. 

ZnTe/ZnSe  Contacts  to  p-ZnSe 

Recently,  a  very  promising  ohmic  contact  process  to  p-ZnSe  was  derived 
from  contact  work  to  GaAs,  originally  developed  by  Woodall  et  al.  [Woo81].  As 
indicated  above,  ohmic  contact  formation  to  GaAs  is  complicated  by  Fermi  level 
pinning.  To  circumvent  this  problem,  a  graded  junction  (GaJn^As)  was  formed 
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between  the  device  semiconductor  (GaAs)  and  a  narrower  gap  semiconductor 
(InAs).  By  grading  the  composition  between  the  two  semiconductors,  a  gradual 
change  in  the  band  structure  occurred  which  did  not  present  a  significant 
impediment  to  charge  carriers  (Fig.  2.8).  A  final  layer  of  silver  (Ag)  was 
deposited  on  the  structure  to  form  an  ohmic  contacts  to  the  InAs.  The  contact 
resistances  (Rc)  were  estimated  to  be  between  5x1 0"7  Ocm2  and  5x1 0"6  Qcm2, 
indicating  that  this  was  a  viable  method  of  producing  low  resistance  ohmic 
contacts. 

Following  this  approach,  Fan  et  al.  demonstrated  pseudograded  ohmic 
contacts  to  p-ZnSe  using  zinc  telluride  (ZnTe)  [Fan92,  Fan93].  ZnTe  was 
selected  as  a  suitable  material  for  forming  graded  contacts  to  ZnSe  because  it 
had  the  same  zinc  blende  crystal  structure,  it  could  be  doped  p-type  with  free 
hole  concentration  >  1019  cm"3  using  the  same  nitrogen  radical  doping  technique 
described  above  for  p-ZnSe,  and  Au/p-ZnTe  ohmic  contacts  are  easily  formed 
[Oza93].  However,  attempts  to  grow  optical  devices  using  ZnTexSe^  graded 
alloys  have  proven  to  be  difficult  due  to  competition  between  Te  and  Se  on  the 
growth  surface  [K0I88].  In  this  work,  this  problem  was  avoided  by  growing 
ultrathin  layers  of  ZnTe  and  ZnSe  with  appropriate  dimensions  so  that  the 
composition  approximated  that  of  a  graded  compound.  This  approach  was  also 
used  in  the  design  of  the  multilayer  pseudograded  contact  structures  to  p-ZnSe 
(Fig.  2.9).  These  structures  were  made  up  of  17  cells  which  were  20  A  thick, 
with  each  cell  consisting  of  a  ZnTe  and  ZnSe  layer.  The  thickness  of  the  ZnSe 
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and  ZnTe  layers  in  the  first  cell  were  1 8  A  and  2  A,  respectively.  In  each 
consecutive  cell,  the  ZnSe  layer  was  reduced  by  1  A,  while  the  ZnTe  was 
increased  by  the  same  amount,  yielding  thicknesses  of  2  A  and  18  A  for  the 
ZnSe  and  ZnTe  layers  in  the  final  cell.  These  contacts  were  deposited  on  p- 
ZnSe  with  carrier  concentrations  of  3x1 017  cm"3  and  were  reported  to  have  linear 
l-V  characteristics  with  an  Rc  of  2x10  '3Qcm2  to  8x1 03  Qcm2. 

A  second  ZnSe/ZnTe  based  contact  scheme  has  been  developed  which 
is  based  on  obtaining  resonant  tunneling  through  the  formation  of  a 
multiquantum  well  structure  [Hie93].  Resonant  tunneling  occurs  in  quantum  well 
structures  when  electrons  approaching  the  well  have  energies  equivalent  to  the 
quantum  energy  states  created  by  the  well.  These  electron  tunnel  through  the 
quantum  well  at  the  energy  level  of  the  quantum  state.  Therefore,  the 
multiquantum  well  contacts  have  a  series  of  p-ZnTe  quantum  wells  with  widths  of 
0.3,  0.4,  0.5,  0.6,  0.8,  1.1,  and  1.7  nm  between  2  nm  p-ZnSe  layers,  followed  by 
a  p-ZnTe  overlayer  (Fig.  2.10a).  The  resulting  quantum  wells  were  calculated  to 
all  have  energy  levels  which  corresponded  to  the  valence  band  maximum  (Ev)  in 
the  bulk  ZnSe  [Hie93],  as  shown  in  figure  2.10b.  As  a  result,  resonant  tunneling 
occurred  allowing  charge  carriers  to  tunnel  from  the  ZnSe,  through  the  barrier,  to 
the  ZnTe.  The  multiquantum  well  contacts  were  found  to  have  linear  l-V 
characteristics  with  an  Rc  of  5x1 02  Qcm2  on  nitrogen  doped  p-ZnSe  with  carrier 
concentrations  of  7x1 016  cm"3.  The  ability  to  produce  ohmic  contacts  on  p-ZnSe 
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with  such  low  carrier  concentrations  have  made  this  approach  the  most 
promising  scheme  developed  to  date. 

Since  both  pseudograded  and  multiquantum  well  contacts  require  ohmic 
contacts  to  ZnTe  overlayers,  researchers  have  recently  been  investigating 
methods  of  improving  these  contacts.  Ozawa  [Oza93]  has  shown  that  the  Rc  of 
Au  ohmic  contacts  to  ZnTe  can  be  reduced  from  2x1 0"4  to  5x1 0"6  Q  cm2  by 
depositing  a  thin  -100  A  layer  of  palladium  (Pd)  at  the  Au/ZnTe  interface.  The 
minimum  Rc  was  obtained  following  heat  treatment  at  200  °C  for  2  minutes.  The 
reduced  Rc  of  the  Au/Pd  contacts  to  ZnTe  has  led  to  their  use  in  current 
ZnTe/ZnSe  superlattice  contacts  to  p-ZnSe. 

Despite  the  successful  incorporation  of  multiquantum  well  contacts  into 
ZnSe  based  devices,  degradation  of  quantum  well  contacts  have  been  linked  to 
degradation  of  the  laser  structures.  As  discussed  in  chapter  1 ,  single  CdZnSe 
strained  quantum  well  lasers  with  ZnMgSSe/ZnSeS  confinement  layers  have 
resulted  in  the  highest  output  power  (-0.5  watts),  highest  operating  temperature 
(394  K),  and  lowest  threshold  currents  (2.5  mA).  Guha  et  al.  [Guh94]  showed 
that  degradation  of  these  devices  occurred  through  the  "emission"  of  dark  line 
defects  (DLDs)  along  the  <100>  direction  which  grow  into  patches  of  dislocation 
along  the  <01 1>  direction.  These  dark  line  defects  act  as  non-radiative 
recombination  centers  and  quench  the  light  output  of  the  laser.  Hua  et  al. 
[Hua94]  have  further  studied  the  degradation  of  these  laser  structures  under 
pulsed  operation  and  report  that  dark  line  defects  originated  as  V-shaped 


stacking  faults  which  nucleated  at  the  ZnSSe/GaAs  interface  (Fig  2.1 1 ).  The 
intersection  point  of  the  V-shaped  stacking  faults  and  the  quantum  well  region 
were  the  point  at  which  patches  of  dislocation  networks  originate.  The 
dislocation  network  spread  away  from  this  point,  through  the  quantum  well 
region.  Note  that  the  V-shaped  stacking  faults  were  postulated  to  originate  from 
defects  formed  during  growth  of  the  structure.  Similar  defect  generation  was 
reported  by  Hovinen  et  al.  [Hov95]  in  identical  laser  structures  pumped  by  a  dye 
laser  with  an  optical  fluence  of  100  uJ/cm2. 

Currently,  the  optimal  ZnSe  based  laser  designs  used  Au/Pd 
metallizations  to  multiquantum  well  contacts  to  p-ZnSe,  grown  on  the  same 
single  quantum  well  laser  structures  described  above.  The  threshold  current  for 
room  temperature  cw  operation  of  these  ZnSe  based  laser  diodes  is  >200  A/cm2. 
During  operation  the  multiquantum  well  contacts  have  been  found  to  fail  after 
several  minutes  at  current  densities  >  100  A/cm2.  In  addition,  optical  inspection 
of  the  device  during  operation  shows  the  evolution  of  DLDs  at  the  point  where 
the  electrical  probe  contacts  the  multiquantum  well  contact  (personal 
communications  with  P.  Baude  at  3M  company,  3M  Center,  St.  Paul, 
Minnesota). 

In  order  to  identify  the  failure  mechanism  of  the  contacts  and  correlations 
between  contact  failure  and  DLD  formation,  the  degradation  of  multiquantum 
well  contacts  under  high  current  loading  have  been  studied  as  reported  in 
chapter  5.  Contact  failure  was  characterized  as  a  function  of  current  density  and 


temperature.  Structural  and  compositional  changes,  resulting  from  degradation, 
and  their  relation  to  DLD  formation  were  identified. 
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Figure  2.1:  Energy  band  diagram  for  a  metal  and  semiconductor  a)  prior  to 
making  an  intimate  contact  and,  b)  showing  bending  of  the  conduction  and 
valence  band  edges  after  making  intimate  contact. 
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Figure  2.2:  a)  Energy  band  diagram  for  Schottky  contact  on  a  n-type 
semiconductor  with  the  metal's  work  function  nearly  equal  to  the 
semiconductor's  electron  affinity,  b)  Energy  band  diagram  for  Schottky  contact 
on  a  p-type  semiconductor  with  the  metal's  work  function  nearly  equal  to  the 
semiconductor's  band  gap  and  electron  affinity. 
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metal  semiconductor 


Figure  2.3:  Energy  band  diagram  showing  midgap  surface  states,  generated  by 
dangling  covalent  bonds,  resulting  in  the  Fermi  level  pinning  at  mid  gap. 
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electron  tunneling  through 
thin  interfacial  barrier 


Figure  2.4:  Energy  band  diagram  for  ohmic  contacts  with  a  heavily  doped  (n+) 
region  between  the  metal  and  semiconductor.  The  thin  interfacial  barrier  leads 
to  tunneling  currents  dominating  conduction. 
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Figure  2.5:  Band  diagram  illustrating  the  mechanism  of  tunneling  via  states  in  the 
forbidden  gap  for  excess  current  flow.  Path  CBD  is  the  basic  mechanism,  CAD 
and  CABD  are  alternative  paths,  and  the  stepped  CD  path  illustrate  tunneling 
between  local  levels. 
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Figure  2.6:  a)  Schematic  diagram  of  HgSe  contact  structure,  and  b)  the  energy 
band  diagram  for  HgSe  on  p-ZnSe  showing  the  valence  band  offset  to  be  equal 
to  20  %  of  the  band  gap. 
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Figure  2.7:  a)  Schematic  diagram  of  HgSe  contact  structure  with  ZnTe0  2Se08 
layer,  and  b)  the  energy  band  diagram  for  the  modified  HgSe  contacts  showing 
the  proposed  defect  states  which  lead  to  resonant  tunneling. 
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Figure  2.8:  Energy  band  diagram  for  a  graded  n-GaAs\n-lnAs  contact  indicating 
that  the  graded  structure  has  no  conduction  band  offset  to  impede  the  flow  of 
charge  carriers. 
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Figure  2.9:  Schematic  diagram  showing  the  structure  of  ZnTe/ZnSe 
pseudograded  contacts  which  are  composed  of  cells  containing  ZnTe  and  ZnSe 
layers. 
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Figure  2.10:  a)  Schematic  diagram  showing  the  structure  of  ZnTe/ZnSe 
multiquantum  well  contacts  which  are  composed  of  ZnTe  (grey)  wells  0.3,  0.4, 
0.5,  0.6,  0.8,  1.1,  and  1 .7  nm  thick  between  2  nm  ZnSe  (white)  layers.  B)  The 
energy  band  diagram  for  multiquantum  well  contacts. 
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Figure  2.1 1:  Schematic  of  degraded  ZnSe  based  diode  laser  structure  showing 
stacking  faults  and  dislocations  which  lead  to  dark  line  defects  (DLDs)  forming  in 
the  quantum  well  (QW)  region  of  the  laser. 


CHAPTER  3 
Au  AND  Ag  CONTACTS 
Introduction 


The  following  chapter  describes  the  effects  of  heat  treatments  on  Au  and 
Ag  contacts  to  p-ZnSe.  In  this  work,  heat  treatments  were  identified  which  lead 
to  a  reduction  in  the  reverse  bias  breakdown  voltage  for  these  rectifying 
contacts.  Analytical  characterization  including  secondary  ion  mass  spectrometry 
and  Auger  depth  profiling  were  used  to  identify  structural  and  compositional 
changes  induced  in  the  contacts  by  heat  treatment.  These  analytical  results 
were  correlated  to  changes  in  the  dominant  conduction  mechanisms  across  the 
metal/semiconductor  interfaces  that  lead  to  the  reductions  in  reverse  bias 
breakdown  voltage. 


Experimental  Setup 


Studies  of  Au  and  Ag  contacts  were  performed  using  nitrogen  radical 
doped  ZnSe  grown  by  MBE  on  semi-insulating  GaAs  substrates.  Growth 
conditions  for  the  ZnSe  were  chosen  to  produce  free  hole  concentrations  in  the 
low  to  mid  1017  cm"3  range  [par90].  No  surface  preparation  was  used  on  the 
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MBE  grown  surface.  Instead,  the  metal  contacts  were  deposited  on  the  ZnSe 
which  was  kept  clean  by  careful  storage  in  desiccated  chambers.  Au  contacts 
were  deposited  by  sputtering,  while  Ag  contacts  were  deposited  by  sputtering 
and  evaporation.  The  sputtering  was  performed  in  a  custom  built  sputter 
deposition  system  designed  at  the  University  of  Florida  [Tru92].  The  system 
contained  two  radio  frequency  (RF)  and  two  direct  current  (DC)  2"  diameter 
planar  magnetron  sputter  guns  manufactured  by  US  Inc.  The  system  also 
contained  a  centrally  located  sample  rotation  stage  which  allowed  samples  to  be 
sequentially  rotated  in  front  of  the  four  sputter  guns.  The  vacuum  chamber  for 
the  system  was  a  quartz  bell  jar  with  a  Viton  seal,  seated  on  a  stainless  steel 
base  plate.  The  system  was  pumped  by  a  diffusion  pump  (Varian  VHS-6)  which 
was  backed  by  a  Sargent-Welch  mechanical  pump,  model  number  1397.  The 
ultimate  pressure  reached  by  the  system  was  -2x1 0"7  Torr. 

Prior  to  sputter  deposition,  samples  were  loaded  in  the  deposition 
chamber  which  was  pumped  down  to  a  base  pressure  of  2x1 0"6  Torr.  The  Au 
and  Ag  contacts  were  deposited  using  the  DC  sputter  guns  with  DC  potentials  of 
375-400  V  in  argon  at  a  pressure  of  27  mTorr.  Although  a  single  sputter  gun 
was  used  during  either  the  Au  or  Ag  depositions,  the  rotation  stage  was  used  to 
improve  the  uniformity  of  the  film  thickness  and  to  reduce  sample  heating  during 
deposition.  These  deposition  parameters  and  sample  rotation  resulted  in  a 
deposition  rate  of  125  to  150  A/min.  for  both  Au  and  Ag.  The  depositions  were 
8  to  10  minutes  long  yielding  metal  layers  with  a  thickness  of  1000  to  1500  A. 
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The  Au  and  Ag  were  patterned  into  1  mm  dot  contacts  onto  rectangular  ZnSe 
substrates  with  dimensions  of  ~4  mm  x  6  mm,  with  ~  6  contacts  per  sample. 
The  patterning  was  accomplished  by  placing  a  stainless  steal  mask  with  1  mm 
holes  in  contact  with  the  ZnSe  surface,  between  the  ZnSe  and  the  sputter  gun. 

Following  deposition,  the  sputtered  samples  were  heat  treated  in  a  quartz 
tube  furnace  in  a  reducing  atmosphere  of  forming  gas  (10%  hydrogen,  90  % 
nitrogen).  Separate  Au/ZnSe  samples  were  individually  heat  treated  at 
temperatures  of  150,  200,  300,  350,  and  400  °C,  and  separate  Ag/ZnSe  samples 
were  heat  treated  at  temperatures  of  150,  200,  and  300  °C.  At  each  temperature 
the  samples  were  heated  in  consecutive  intervals  yielding  total  heat  treatment 
times  of  15,  30,  45,  60,  and  90  minutes. 

Ag  contacts  were  also  deposited  using  evaporation.  These  contacts  were 
deposited  in  a  Veeco  evaporator  from  an  alumina  (Al203)  crucible  heated  by  a 
tungsten  wire.  The  vacuum  chamber  for  this  system  was  also  a  quartz  bell  jar 
on  a  stainless  steel  base  plate,  similar  to  the  sputter  system.  This  system  was 
pumped  by  a  Veeco  EP  41 W  diffusion  pump  backed  by  a  Sargent-Welch  1937 
mechanical  pump  and  has  an  ultimate  pressure  of  1x10'7  Torr.  Unlike  the 
sputter  system,  this  system  is  not  equipped  with  sample  rotation. 

Prior  to  evaporation,  samples  were  loaded  and  the  system  was  pumped 
to  a  base  pressure  of  2x1 0"6  Torr.  The  thickness  and  deposition  rate  of  the 
metal  layers  were  monitored  during  deposition  using  an  Inficon  quartz  crystal 
oscillator.  Power  was  supplied  to  the  tungsten  filament  to  maintain  a  deposition 
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rate  of  5  to  1 0  A/s,  and  deposition  was  terminated  at  a  thickness  of  1 000  A.  As 
with  the  sputtered  contacts,  patterning  was  performed  using  a  stainless  steel 
mask  yielding  an  average  of  6  contacts  (1  mm  diameter)  on  ~4  x  6  mm  ZnSe 
substrates.  During  deposition,  the  pressure  in  the  system  was  observed  to  rise, 
but  remained  at  <5x10"5  Torr. 

The  evaporated  Ag  contacts  on  ZnSe  were  sequentially  heat  treated  at 
consecutively  higher  temperatures,  as  opposed  to  using  separate  samples  at 
each  temperature.  These  contacts  were  heat  treated  at  150,  200,  250,  and  300 
°C  in  the  same  tube  furnace  used  for  the  sputtered  contacts.  Starting  at  150  °C, 
the  samples  were  heat  treated  in  15  minute  intervals  to  total  times  of  15,  30,  45, 
60,  75,  and  90  minutes.  After  90  minutes,  the  temperature  was  increased  and 
the  sample  was  heat  treated  over  the  same  15  minute  intervals.  This  was 
repeated  until  the  samples  had  been  heat  treated  for  a  total  of  90  minutes  at 
each  temperature.  Unlike  the  sputtered  samples,  which  were  heat  treated  in 
only  forming  gas,  the  evaporated  contacts  were  heat  treated  in  both  forming  gas 
and  oxygen  (O).  The  oxygen  atmosphere  was  used  to  identify  if  heat  treating 
would  result  in  oxygen  diffusing  through  the  Ag  to  co-dope  the  ZnSe,  while 
samples  heated  in  forming  gas  were  used  for  controls. 

Prior  to  heat  treatment,  and  following  each  heat  treatment  interval,  the 
current  vs.  voltage  (l-V)  characteristics  of  the  contacts  were  measured  for 
sputtered  and  evaporated  Au/ZnSe  and  Ag/ZnSe  contacts.  The  l-V  data  was 
obtained  by  measuring  the  current  flow  between  two  of  the  dot  contacts  under 


an  applied  bias.  The  resulting  data,  collected  over  a  range  of  applied  biases, 
represent  the  reverse  bias  break  down  voltage  for  one  of  the  two  back-to-back 
Schottky  diode  barriers  formed  by  the  metal-semiconductor  contacts.  The  l-V 
characteristics  were  measured  using  an  Tektronix  177  curve  tracer,  and  by  an 
automated  system  which  consists  of  an  IBM  PC  with  IEEE-488  communications, 
a  Hewlett-Packard  61 12A  DC  power  supply,  and  a  Keithely  485  picoammeter. 
The  reverse  bias  breakdown  voltage  was  determined  by  extrapolating  the  linear 
portion  of  the  l-V  curve  back  to  the  voltage  axis.  The  voltage  at  which  the 
extrapolated  line  crossed  the  axis  was  recorded  as  the  breakdown  potential. 
The  l-V  data  was  also  used  to  determine  a  normalized  resistance  by  calculating 
the  slope  of  the  linear  portion  of  the  l-V  curve,  taking  it's  reciprocal,  and 
multiplying  this  value  by  the  area  of  the  dot  contacts.  These  measurements  of 
normalized  resistance  include  both  the  bulk  semiconductor  resistance  and 
contact  resistance  (similar  to  the  reporting  of  current  density  at  a  specific  voltage 
as  described  in  chapter  2).  Therefore,  the  normalized  resistance  values  are  only 
qualitative  values  to  be  used  for  comparing  the  Au  and  Ag  contacts  between 
themselves.  The  barrier  height  and  normalized  resistance  measurements  for 
Au/ZnSe  contacts  were  calculated  using  l-V  data  recorded  with  a  vertical  axis 
scale  of  25  //A/cm  and  a  horizontal  axis  scale  of  6.25  volts/cm,  while  the 
Ag/ZnSe  contacts  had  a  vertical  axis  scale  of  25/Wcm  and  a  horizontal  axis 
scale  of  2.5  volts/cm. 


Following  heat  treatment  and  electrical  characterization,  the  sputter 
deposited  Au  and  Ag  contacts  which  exhibited  the  lowest  reverse  bias 
breakdown  voltage  were  characterized  by  scanning  Auger  depth  profiling  using  a 
Perkin-Elmer  PHI  660  Auger  spectrometer  and  by  secondary  ion  mass 
spectrometry  (SIMS)  using  a  Perkin  -Elmer  PHI  6600.  The  Auger  depth  profile 
was  performed  using  a  10  keV,  30  nA  electron  beam.  The  SIMS  analysis  was 
performed  using  a  5  KeV,  30  nA  Cs+  beam  with  a  100  fj.m  x  100  //m  raster  size 
and  65%  linear  gating.  The  data  for  all  elements  except  zinc  (Zn)  were  obtained 
with  the  SIMS'  quadrupole  mass  spectrometer  set  to  analyze  positive  ions. 
Obtaining  the  Zn  profiles  required  the  quadrapole  to  be  recalibrated  for  negative 
ions,  therefore,  the  Zn  profiles  were  collected  separately  from  data  for  other 
elements.  The  SIMS  data  collected  from  both  positive  and  negative  ions  were 
overlaid  to  produce  a  single  composite  set  of  data. 

The  Au/ZnSe  and  Ag/ZnSe  samples  selected  for  Auger  and  SIMS 
analysis  were  heat  treated  at  350  °C  for  90  minutes  and  at  150  °C  for  90 
minutes,  respectively.  An  additional  Ag/ZnSe  sample  was  selected  for  analysis 
to  help  identify  the  cause  for  resistance  increases  observed  for  Ag/ZnSe 
contacts  heat  treated  at  temperatures  >  150  °C.  This  sample  was  heat  treated  at 
300  °C  for  30  minutes.  SIMS  and  Auger  data  were  also  obtained  from  non-heat 
treated  samples  for  comparison. 


46 

Results 

Sputtered  Au  Contacts 

Sputter  deposited  Au  contacts  will  be  presented  first,  followed  by  the 
results  from  the  sputter  deposited  Ag  contacts.  Finally,  the  evaporated  Ag 
contacts  will  be  presented.  Due  to  the  volume  of  l-V  data  collected,  only  the  l-V 
data  from  the  contacts  showing  the  minimum  reverse  bias  breakdown  voltages 
are  shown.  The  remainder  of  the  l-V  data  has  been  summarized  in  plots  of 
breakdown  voltage  vs  time  and  normalized  resistance  vs  time.  These  plots  of 
reverse  bias  breakdown  voltage  and  normalized  resistance  data  for  the 
sputtered  Au  contacts  are  shown  in  figures  3.1  and  3.2,  respectively.  Prior  to 
heat  treatment,  the  sputtered  Au  contacts  were  found  to  be  rectifying  with 
reverse  bias  breakdown  voltages  of  10  to  15  volts.  Heat  treating  these  samples 
at  1 50  and  200  °C  did  not  produce  any  appreciable  change.  A  slight  reduction 
in  reverse  bias  breakdown  was  observed  at  300  °C,  but  the  reduction  became 
much  more  pronounced  at  higher  temperatures.  For  samples  heat  treated  at 
350  °C,  the  breakdown  voltage  dropped  significantly  after  the  first  15  minutes  to 
a  value  of  -3.5  volts,  reached  a  minimum  value  of  ~3  volts  after  30  to  45 
minutes,  and  then  increased  to  ~4  volts  following  additional  heat  treatments  of 
up  to  90  minutes.  The  results  for  heat  treatments  at  400  °C  were  similar  to  those 
obtained  at  350  °C,  with  a  minimum  breakdown  voltage  of  ~3  volts  obtained 
following  15  to  30  minutes  of  heat  treatment  time.  The  normalized  resistance  of 
the  contacts  remained  relatively  constant  over  the  range  of  temperatures  and 
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times  used  in  this  experiment.  The  l-V  data  for  the  sputtered  Au  contacts  heat 
treated  at  350  °C  is  shown  in  figure  3.3. 

Comparison  of  the  SIMS  data  from  the  as  deposited  and  heat  treated 
(350  °C  for  90  minutes)  sputtered  Au  contacts  indicates  that  Au  diffused  into  the 
ZnSe  as  a  result  of  heat  treatment.  The  SIMS  data  for  the  as  deposited  and 
heat  treated  samples  are  shown  in  figures  3.4a  and  3.4b,  respectively.  In 
addition  to  Au  diffusion,  these  data  indicate  that  Zn  and  Se  out  diffused  into  the 
Au  contact.  The  native  ZnO  interfacial  oxide  was  observed  in  the  as  deposited 
sample.  However,  there  was  no  evidence  in  these  data  to  indicate  the  formation 
of  any  compound  the  Au/ZnSe  interface  as  a  result  of  heat  treatment. 

Auger  depth  profiling  data  from  the  sputtered  Au  contacts  heat  treated  at 
350  °C  for  90  minutes  and  in  the  as  deposited  condition  are  in  good  agreement 
with  the  SIMS  data.  These  data  also  indicate  that  Au  diffused  into  the  ZnSe,  and 
that  Zn  and  Se  out  diffused  into  the  Au  contacts  as  a  result  of  heat  treatment. 
The  Auger  data  for  the  as  deposited  and  heat  treated  Au  contacts  are  shown  in 
figures  3.5a  and  3.5b. 

The  reverse  bias  breakdown  voltage  and  normalized  resistance  data  for 
the  sputter  deposited  Ag  contacts  are  shown  in  figures  3.6  and  3.7,  respectively. 
The  as  deposited  contacts  were  found  to  have  a  reverse  bias  breakdown  voltage 
of  3  to  4.5  volts,  which  was  significantly  lower  than  for  the  sputtered  Au  contacts 
(10  to  15  volts).  Heat  treatment  at  150  °C  was  found  to  produce  the  best  contact 
performance  with  a  minimum  breakdown  voltage  of  -2.3  volts  occurring  after  45 


48 

minutes  of  heat  treatment  time.  The  l-V  data  for  these  samples  are  shown  in 
figure  3.8.  Samples  heat  treated  at  200  and  300  °C  were  also  found  to  have 
breakdown  voltages  close  to  ~2.3  volts  they  exhibited  significantly  increased 
normalized  resistance  as  compaired  to  samples  heated  to  150  °C.  The 
resistance  increase  was  observed  to  occur  after  only  15  minutes  of  heat 
treatment  time  and  became  more  severe  for  higher  temperatures  and  longer 
heat  treatments. 

Sputtered  Aq  Contact 

The  SIMS  data  for  the  sputtered  Ag  contacts  indicate  that  there  was  little 
change  in  the  depth  profiles  between  the  as  deposited  sample  versus  those  heat 
treated  at  1 50  °C  for  90  minutes.  Both  profiles  indicate  an  abrupt  junction 
between  the  Ag  and  ZnSe  with  the  native  ZnO  interfacial  oxide  being  obvious  at 
1  minute  of  sputter  time.  The  data  suggest  that  neither  compound  formation  or 
diffusion  occurred  at  the  interface  as  a  result  of  heat  treatment.  Even  for 
samples  heat  treated  for  30  minutes  at  300  °C,  the  SIMS  data  still  indicate  a 
moderately  abrupt  junction  with  slight  broadening  of  the  Ag,  O,  and  C  profiles. 
Although  this  broadening  could  indicate  simultaneous  diffusion  of  all  three 
elements,  the  similarity  in  the  profiles  suggests  that  the  Ag  has  roughened, 
perhaps  due  to  grain  grown,  leading  to  a  broader  interface.  The  SIMS  profiles 
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for  the  as  deposited,  150  °C  for  90  minutes,  and  300  °C  for  30  minute  samples 
are  shown  in  figures  3.9a  through  3.9c. 

The  Auger  data  from  the  sputter  deposited  Ag  contacts  are  again  in  good 
agreement  with  the  SIMS  data  (Fig.  3.10a  through  3.10c).  The  as  deposited, 
150  and  300  °C  samples  were  all  found  to  have  abrupt  interfaces,  and  as  in  the 
SIMS  data,  there  is  a  slight  broadening  of  the  interface  for  the  300  °C  case.  It  is 
also  interesting  to  note  that  neither  the  SIMS  nor  Auger  data  showed  any 
indication  of  Zn  or  Se  diffusion  through  the  Ag  contact  to  the  ambient  surface,  in 
contrast  to  the  behavior  of  the  Au  contacts.  A  variation  in  Ag  film  thickness  was 
observed  from  one  sample  to  the  next  in  the  Auger  depth  profiles  (Fig  10). 
While  this  was  due  in  part  to  variations  in  the  amount  of  Ag  deposited,  it  was 
also  due  to  the  location  on  the  dot  contact  at  which  the  depth  profile  was 
performed.  The  stainless  steel  mask  resulted  in  shadowing  of  the  Ag  contacts 
during  deposition,  leading  to  the  film  having  a  greater  thickness  at  the  center  of 
the  dot  as  opposed  to  the  edges.  Due  to  a  limited  amount  of  space  in  which  to 
perform  SIMS  and  Auger  depth  profiles,  all  profiles  were  not  performed  at  the 
same  relative  position  on  the  dot  contact. 

Evaporated  Ag  Contacts 

The  reverse  bias  breakdown  voltage  and  normalized  resistance  data  for 
the  evaporated  Ag  contacts  heat  treated  in  oxygen  and  forming  gas  are  shown 
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in  figures  3.1 1  and  3.12.  In  these  data,  the  as  deposited  samples  were  found  to 
have  breakdown  voltages  of  3.9  to  4.6  volts  which  are  similar  to  the  sputtered 
contacts.  Heat  treatment  at  150  °C  in  oxygen  was  found  to  produce  a  decrease 
in  breakdown  voltage,  reaching  a  minimum  of  2.3  volts  after  75  minutes  at 
temperature.  For  subsequent  heat  treatments,  the  barrier  height  was  found  to 
increase  with  increasing  heat  treatment  temperatures  and  times.  In  contrast,  the 
barrier  height  of  the  sample  heat  treated  in  forming  gas  did  not  decrease  during 
heat  treatments  at  150  °C,  but  instead  they  remained  at  ~  4.0  volts.  At  higher 
heat  treatment  temperatures  in  forming  gas,  an  increase  in  barrier  height  was 
observed.  For  150  and  200  °C  heat  treatments,  the  normalized  resistance  was 
found  to  be  similar  for  both  heat  treatment  ambients.  However,  for  the  samples 
heat  treated  in  forming  gas  at  250  °C,  a  much  greater  increase  in  normalized 
resistance  was  observed  compared  to  samples  heat  treated  in  oxygen.  For  300 
°C  heat  treatments,  the  samples  in  oxygen  exhibited  a  severe  increase  in 
normalized  resistance,  while  the  resistance  of  samples  in  forming  gas  was  too 
large  to  measure  barrier  height  or  normalized  resistance.  The  l-V  data  for  the 
evaporated  Ag  samples  heat  treated  at  150  °C  are  shown  in  figure  3.13. 

Discussion 

Au  Contacts 

The  analytical  results  from  sputter  deposited  Au  contacts  heat  treated  in 
forming  gas  show  that  Au  diffused  into  the  ZnSe  (and  vice  versa)  at  a 


temperature  of  350  °C,  leading  to  a  reduction  in  reverse  bias  breakdown  voltage. 
As  indicated  in  chapter  two,  Au  is  reported  to  be  a  deep  acceptor  in  ZnSe  with 
an  ionization  potential  of  550  meV[Dea82].  Qui  et  al.  [Qui93]  have  hypothesized 
that  these  deep  levels  could  assist  tunneling  currents  across  the  Au/ZnSe 
interface.  In  order  to  rule  out  the  possibility  that  thermionic  emission  was 
dominating  transport  in  these  contacts,  the  thermionic  emission  currents  for  the 
contacts  were  modeled  using  Eq.  (2-1)  through  (2-4).  In  these  calculations,  the 
value  of  4>B  for  Au  on  ZnSe  was  taken  to  be  1.15  eV  [Che94],  a  temperature  of 
300  °K  was  used,  an  area  of  0.008  cm2  (1  mm  diameter),  an  Nd  of  3x1 017  cm"3,  a 
hole  effective  mass  of  0.60  and  a  low  frequency  dielectric  constant  of  9.20 
[Rud86].  The  junction's  built  in  potential  (V,)  was  calculated  by  determining  the 
position  of  the  Fermi  level  as  described  by  Sze  [Sze85,  p.  25]  and  subtracting 
this  value  from  4>B.  In  addition  to  image  force  reduction,  these  calculations  were 
corrected  for  the  effects  of  barrier  height  reduction  due  to  thin  interfacial  oxides 
A0B(oxide)  as  follows  [Sha84,  p.  16], 

A(t>B(oxide)=-a|^m|  (3-1) 

where  gm  is  the  electric  field  intensity  immediately  inside  the  semiconductor  and 
a  is  given  by  the  following, 


a  =  6es/(ei+q26Ds). 


(3-2) 
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Here,  5  is  the  width  of  the  interracial  oxide,  e,  is  the  dielectric  constant  of  the 
oxide,  and  Ds  is  the  density  of  interface  states.  Due  to  the  lack  of  Fermi  level 
pinning,  Dswas  assumed  to  be  negligible  in  these  calculations.  The  calculations 
were  based  on  an  oxide  thickness  of  20  A  and  indicate  that  the  reverse  bias 
breakdown  voltage  for  the  Au/ZnSe  contact  would  be  >  30  volts  if  thermionic 
emission  were  dominating  conduction.  From  these  results,  and  the  lack  of  any 
compound  formation  with  a  larger  work  function  than  Au,  it  is  unlikely  that 
thermionic  emission  dominated  the  Au/ZnSe  contacts. 

It  also  appears  that  the  equations  for  field  emission  do  not  accurately 
model  the  l-V  characteristics  for  the  Au  contacts.  Field  emission  may  be 
described  by  the  exponential  relationship  in  Eq.  (2-5).  By  talking  the  natural  log 
of  Eq.  (2-5),  and  with  some  simple  rearrangements,  Eq.  (2-5)  can  be  rewritten  as 
follows: 

ln(l)  =  ln(SJs)  +  ln(-qVR/E').  (3-3) 

Based  on  this  equation,  a  plot  of  the  natural  log  of  current  vs  voltage  should 
produce  a  straight  line  if  tunneling  is  dominating  conduction.  Figure  3.14  shows 
a  plot  of  ln(l)  vs  V,  over  a  voltage  range  of  0.5  to  3  volts,  for  the  sputtered  Au 
contacts  heat  treated  at  350  °C  for  30  minutes.  In  addition,  the  data  from  the  Ag 
contacts  heat  treated  at  150  °C  for  45  minutes  are  also  shown.  In  this  plot,  data 
collected  below  0.5  volt  were  excluded  since  the  measured  current  levels  were 
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below  the  noise  level  of  the  picoammeter.  Values  above  3  volts  were  also 
excluded  since  the  bulk  resistance  of  the  semiconductor  dominated  in  this  range. 
Figure  3.14  shows  that  the  plot  of  ln(l)  vs  V  for  the  sputtered,  heat  treated  Au 
contact  did  not  produce  a  straight  line  indicating  that  tunneling  was  not 
dominating  conduction.  To  understand  the  mechanism  limiting  charge  transport, 
consider  the  following  argument. 

Schottky  contacts  are  similar  to  one-sided  abrupt  semiconductor 
junctions  in  which  avalanche  multiplication  begins  to  contribute  to  and  dominates 
conduction  at  applied  voltages  of  4Eg/q  and  6Eg/q,  respectively.   In  the  case  of 
the  Au/ZnSe  contacts  heat  treated  at  350  °C,  diffusion  of  Au  also  is  expected  to 
generate  deep  levels  at  550  meV.  Therefore,  in  these  contacts,  thermally 
excited  carriers  which  initiate  avalanche  breakdown  and  carriers  generated  by 
impact  ionization  do  not  have  to  gain  sufficient  energy  to  be  excited  across  the 
band  gap.  Instead,  these  charge  carriers  only  have  to  gain  sufficient  energy  to 
reach  the  550  meV  Au  acceptor  levels.  This  would  lead  to  avalanche 
breakdown  dominating  conduction  at  lower  voltages,  provided  the  electric  fields 
are  high  enough.   If  the  550  meV  ionization  potential  of  the  Au  defects  is 
substituted  for  Eg  in  the  6Eg/q  relationship,  avalanche  breakdown  is  predicted  to 
dominate  at  3.3  volts.  This  is  in  good  agreement  with  the  observed  value  of  ~3 
volts.  The  critical  field  strength  for  avalanche  multiplication  (Ec)  is  given  by: 


Ec  =  2VR/W 


(3-4) 
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where  W  is  the  depletion  region  width  [Sze85,  p.  101].  For  a  Schottky  barrier,  W 
can  be  calculated  as  follows  [Sha84,  p.  29]: 

W  =  [(2es/qNd)  |VrVR|]1/2.  (3-5) 

Using  the  same  values  as  for  the  calculation  of  thermionic  emission  above,  the 
depletion  region  width  for  the  Au  contacts  is  found  to  be  -100  nm  at  an  applied 
bias  of  3  volts.  This  yields  a  field  strength  of  6  x  107  V/m  at  breakdown.  Since 
field  strengths  of  107  to  108  V/m  are  typically  required  for  avalanche  breakdown, 
this  supports  the  postulate  that  avalanche  breakdown  occurred  in  the  Au 
contacts.  Based  on  these  results  and  the  abrupt  change  in  conductivity  for  the 
Au  contacts  observed  in  figure  3.14,  defect  assisted  avalanche  breakdown  is 
believed  to  be  dominating  conduction  in  the  Au  contacts. 

Aa  Contacts 

For  the  sputtered  Ag  contacts,  the  work  function  of  Ag  (4.71  eV  )  is 
smaller  than  for  Au  (5.20  eV),  which  should  lead  to  a  higher  <J>B  for  the  Ag. 
Therefore,  based  on  the  Schottky  model,  the  Ag  contacts  should  have  a  higher 
reverse  bias  breakdown  voltage  than  the  Au  contacts.  On  the  contrary,  the 
experimental  results  show  that  both  the  as  deposited  and  heat  treated  Ag 
contacts  had  lower  breakdown  voltages  than  the  Au  contacts.  SIMS  data  from 


the  Ag  contacts  showed  that  significantly  more  oxygen  (0)  was  present  at  the 
interfaces  of  the  as  deposited  and  150  °C  heat  treated  samples  (Figs.  3.9a  and 
3.9b),  as  compared  to  the  as  deposited  Au  samples  (Fig.  3.4a).  After  heat 
treatment  at  300  °C,  the  0  peak  is  found  to  drop  by  approximately  an  order  of 
magnitude  (Fig  3.9.c)  and  the  contact  resistance  was  found  to  increase.  Due  to 
the  correlation  between  the  l-V  data  and  interfacial  0,  the  electrical  properties  of 
the  ZnSe  are  believed  to  be  effected  by  this  oxygen. 

The  presence  of  a  larger  concentration  of  0  at  the  Ag/ZnSe  interface, 
versus  low  concentrations  at  the  Au/ZnSe  interface  is  consistent  with  the 
reported  values  of  permeation  for  0  in  Ag  and  Au.  As  discussed  in  chapter  2,  02 
has  significant  permeability  through  polycrystalline  Ag  (10"11  to  10"14  cm"1S"1  at 
temperatures  ranging  from  400  to  800  °C)  which  can  be  increased  by 
approximately  two  orders  of  magnitude  at  650  °C  using  a  glow-discharge- 
assisted  dissociation  of  the  upstream  02  [Out92].  In  contrast,  02  has  negligible 
permeability  through  Au  [Ebe92].  Residual  02  in  the  sputter  system  during 
deposition  of  the  contact  metals  is  postulated  to  be  dissociated  by  the  glow- 
discharge  of  the  magnetron  source  and  to  permeate  through  the  Ag  contact  to 
the  Ag/ZnSe  interface.  However,  the  O  did  not  permeate  through  the  Au 
contact,  explaining  the  higher  levels  of  O  in  the  Ag  contacts  as  opposed  to  the 
Au  contacts.  This  also  explains  the  lower  reverse  bias  breakdown  voltages  of 
the  as  deposited  Ag  contacts,  since  O  would  be  expected  to  reduce  the  barrier 
thickness  by  doping. 
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In  order  to  verify  the  correlation  with  0,  Ag  contacts  were  evaporated  onto 
p-ZnSe.  Since  this  deposition  process  does  not  use  a  glow  discharge,  the 
amount  of  residual  0  incorporated  into  the  Ag  contacts  was  expected  to  be 
reduced.  The  similarity  in  as  deposited  l-V  characteristics  of  the  sputtered  (Fig. 
3.8)  and  evaporated  (Fig.  3.13)  Ag  contacts  indicates  that  incorporation  of  0  was 
not  reduced  as  significantly  as  expected.  However,  the  reduction  in  breakdown 
voltage  observed  for  evaporated  Ag  contacts  heat  treated  in  oxygen,  and  lack  of 
reduction  for  those  heat  treated  in  forming  gas  provide  further  evidence  that  0 
plays  an  important  role  in  the  conduction  mechanisms  of  the  Ag/p-ZnSe 
contacts. 

In  chapter  2,  oxygen  was  reported  to  be  a  shallow  (-80  meV)  p-type 
dopant  in  ZnSe  [Aki89b]  and  exposure  of  ZnSe  to  an  oxygen  plasma  prior  to  Au 
deposition  were  found  to  reduce  barrier  heights  by  generating  a  highly  doped 
ZnSe  surface  region  [Aki91  ].  Based  on  this  information,  one  plausible 
explanation  for  the  relation  between  the  l-V  data  and  0  is  that  the  0  is  doping 
the  surface  region  of  the  ZnSe,  resulting  in  conduction  which  is  dominated  by 
field  emission.  The  plot  of  ln(l)  vs  Vfor  Ag  contacts  in  Fig  3.14  is  linear,  which  is 
consistent  with  tunneling  being  the  conduction  mechanism. 

An  additional  possibility  is  that  the  interfacial  barrier  was  reduced,  due  to 
the  high  electronegativity  of  oxygen.  As  discussed  in  chapter  2,  work  reported 
by  Chen  et  al.  showed  that  several  monolayers  of  Se  deposited  at  the  interface 
between  Au  and  p-ZnSe  resulted  in  a  0.25  eV  reduction  in  <j>B.  This  drop  in  <j)B 
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was  attributed  to  a  reduction  in  the  ZnSe  work  function  due  to  termination  by 
highly  electronegative  Se.  According  to  the  Pauling  scale  [Pau60],  the 
electronegativity  of  Au  and  Se  are  fairly  close  at  2.4  eV  while  oxygen  has  a  value 
of  3.5  eV.  Since  the  electronegativity  of  0  is  significantly  larger  than  for  Se, 
interfacial  0  would  be  expected  to  result  in  a  larger  reduction  in  (J)B.  Modeling  of 
thermionic  emission  currents,  using  the  same  equations  and  values  used  above 
for  Au  contacts,  indicate  that  4>B  would  have  to  be  reduced  to  -0.75  eV  for 
thermionic  emission  to  result  in  the  l-V  characteristics  observed  for  the  Ag 
sample  heat  treated  at  150  °C  for  45  minutes.  While  this  mechanism  is  a 
possibility,  the  linear  plot  of  ln(l)  vs  V  in  Fig  3.14  is  a  strong  indication  that 
oxygen  acts  as  a  dopant,  leading  to  field  emission  currents  as  opposed  to 
thermionic  emission. 

Summary 

The  results  from  Au  contacts  indicate  that  Au  diffusion  into  ZnSe  results  in 
a  reduction  in  reverse  bias  breakdown  voltage  for  Au/ZnSe  Schottky  contacts, 
with  a  minimum  reverse  bias  breakdown  voltage  of  3  volts  obtained  for  heat 
treatments  at  350  °C  for  30  minutes.  The  data  also  strongly  indicate  that  this 
reduction  occurred  due  to  Au  diffusion,  resulting  in  550  meV  defect  states  which 
allowed  defect  assisted  avalanche  breakdown  to  dominate  conduction. 
Conduction  in  th  Au  contacts  was  not  by  defect  assisted  tunneling.  Results  for 
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the  Ag  contacts  also  indicate  that  heat  treatments  did  not  lead  to  defect  assisted 
tunneling.  The  minimum  breakdown  voltages  for  Ag  contacts  heat  treated  at  150 
°C  for  45  minutes  were  found  to  be  2.3  volts,  which  is  0.7  volts  less  than  for  Au 
contacts.  These  results  indicate  that  interfacial  oxygen  was  responsible  for  the 
low  reverse  bias  breakdown  voltage,  and  is  believed  to  act  as  a  co-dopant  in 
ZnSe.    Additional  work  outlined  in  chapter  7  would  help  verify  0  as  a  co-dopant. 
However,  it  is  doubtful  that  a  heat  treatment  could  be  developed  which  would 
result  in  ohmic  contacts. 


Figure  3.1 :  Plot  of  reverse  bias  breakdown  voltage  for  sputter  deposited 
Au/ZnSe  contacts  heat  treated  in  forming  gas  at  150,  200,  300,  and  400  °C. 
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Figure  3.2:  Plot  of  normalized  resistance  for  sputter  deposited  Au/p-ZnSe 
contacts  heat  treated  in  forming  gas  at  150,  200,  300,  350,  and  400  °C. 


Figure  3.3:  Current  vs  voltage  characteristics  for  sputter  deposited  Au  contacts 
heat  treated  in  forming  gas  at  350  °C  for  15,  30,  45,  60,  and  90  minutes. 
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Figure  3.4:  SIMS  data  for  as  deposited  Au/p-ZnSe  contacts,  and  b)  contacts  heat 
treated  in  forming  gas  at  350  °C  for  90  minutes. 
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Figure  3.5:  a)  Auger  sputter  depth  profiles  for  as  deposited  Au/p-ZnSe  contacts, 
and  b)  contacts  heat  treated  in  forming  gas  at  350  °C  for  90  minutes. 
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Figure  3.6:  Plot  of  reverse  bias  breakdown  voltage  for  sputter  deposited  Ag/p- 
ZnSe  contacts  heat  treated  in  forming  gas  at  150,  200,  and  300  °C. 


Figure  3.7:  Plot  of  normalized  resistance  for  sputter  deposited  Ag/p-ZnSe 
contacts  heat  treated  at  150,  200,  and  300  °C. 


Figure  3.8:  Current  vs  voltage  characteristics  for  Ag/p-ZnSe  contacts  heat 
treated  in  forming  gas  at  150  °C  for  15,  30,  45,  60,  and  90  minutes. 
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Figure  3.9:  a)  SIMS  data  for  as  deposited  Ag/p-ZnSe  contacts,  b)  contacts  heat 
treated  in  forming  gas  at  150  °C  for  90  minutes,  and  c)  contacts  heat  treated  in 
forming  gas  at  300  °C  for  30  minutes. 
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Figure  3.10:  Auger  sputter  depth  profile  from  as  deposited  Ag/p-ZnSe  contacts, 
and  b)  contacts  heat  treated  in  forming  gas  at  150  °C  for  90  minutes,  and  c) 
contacts  heat  treated  in  forming  gas  at  300  °C  for  30  minutes. 
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Figure  3. 11 :  Reverse  bias  breakdown  voltage  for  evaporated  Ag/p-ZnSe 
contacts  heat  treated  in  oxygen  and  forming  gas  at  150,  200,  250,  and  300  °C. 
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Figure  3.12:  Normalized  resistance  for  evaporated  Ag/p-ZnSe  contacts  heat 
treated  in  oxygen  and  forming  gas  at  150,  200,  250,  and  300  °C. 
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Figure  3.13:  Current  vs  voltage  characteristics  for  evaporated  Ag  contacts  heat 
treated  at  150  °C  in  oxygen  for  15,  30,  45,  60,  75,  and  90  minutes. 


Figure  3.14:  Plot  of  In(current)  vs  voltage  for  sputter  deposited  Au  contacts  heat 
treated  at  350  °C  for  45  minutes  and  Ag  contacts  heat  treated  at  150  °C  for  30 
minutes. 


CHAPTER  4 
HgSe  CONTACTS 
Introduction 


The  work  described  in  the  following  chapter,  discusses  an  ex  situ  method 
of  forming  HgSe  contacts  to  p-ZnSe.  This  process  involves  capping  the  samples 
with  Se,  prior  to  removing  it  form  the  MBE  growth  chamber,  then  heating  the 
capped  sample  in  Hg  vapor  to  form  HgSe.  Auger,  X-ray,  and  TEM  were  used  to 
characterize  the  composition  and  structure  of  the  contacts.  Temperature 
dependant  current  vs  voltage  data  were  used  to  measure  the  valance  band 
offset  and  conduction  mechanisms  across  the  HgSe/p-ZnSe  interface. 

Experimental  Setup 

The  p-ZnSe  samples  used  for  HgSe  contact  studies  were  grown  by 
molecular  beam  epitaxy  (MBE)  on  semiinsulating  GaAs.  The  MBE  system  used 
to  grow  the  ZnSe  consisted  of  a  UHV  stainless  steel  chamber  which  was 
pumped  by  a  CTI  Cryo  Torr  8  cryo  pump  and  has  an  ultimate  pressure  of 
~  2x1 0  9  torr.  Prior  to  the  growth  of  the  ZnSe,  the  GaAs  substrates  were  heated 
to  450  °C  in  a  hydrogen  atmosphere  to  desorb  the  native  oxide  [Rou93].  This 
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process  resulted  in  a  clean  ,  smooth  GaAs  surface,  verified  by  reflectance  high 
energy  electron  diffraction  (RHEED).  Following  the  removal  of  the  oxide,  a  1  to 
4  urn  undoped  ZnSe  buffer  layer  was  grown.  During  the  growth  of  ZnSe, 
pressure  in  the  system  was  ~10"7  Torr,  the  ratio  of  the  Se  and  Zn  beam  flux  were 
2:1  (measured  using  an  ionization  gauge),  and  the  substrate  temperature  was 
298  °C.  Next,  the  p-ZnSe  was  grown  using  nitrogen  radial  doping  from  an 
Oxford  source,  with  a  nitrogen  background  pressure  of  10"6Torr.  This  yielded 
carrier  concentrations  in  the  low  to  mid  1017  cm"3  range  [Par90].  Immediately 
following  growth,  the  ZnSe  was  capped  with  Se.  This  was  accomplished  by 
closing  the  shutter  on  the  Zn  effusion  cell  and  leaving  the  Se  effusion  shutter 
open  while  the  substrate  was  allowed  to  cool.  The  sample  was  monitored  by 
laser  reflectance  interferometry  (LRI)  to  determine  the  thickness  of  the  Se 
capping  layer  [Rou92].  The  LRI  measurements  indicated  that  the  deposition  of 
Se  began  when  the  substrate  temperature  cooled  to  ~90  °C,  and  was  terminated 
by  closing  the  Se  effusion  cell  shutter  when  a  thickness  of  1500  A  was  reached. 
Once  the  capping  was  completed,  the  samples  were  removed  from  the  MBE 
growth  chamber. 

Upon  removal  from  the  MBE  chamber,  the  capped  ZnSe  was  cleaved  into 
~4x5  mm  sections,  which  were  then  inserted  into  the  system  shown  in  figure  4.1 
where  the  Se  capping  layer  was  reacted  with  Hg  to  form  HgSe.  This  system 
(Fig.  4.1)  consists  of  a  200  ml  Pyrex  flask  which  contained  ~5  grams  of  liquid  Hg 
and  a  stainless  steel  chamber  with  a  volume  of  ~  25  cm3  constructed  from  ultra 
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high  vacuum  (UHV)  components.  The  capped  sample  was  located  in  the 
stainless  steel  chamber  during  the  reaction.  Tygon  tubing  (1/4")  was  used  to 
connect  a  99.99%  pure  nitrogen  (N2)  gas  cylinder  to  the  Pyrex  flask,  a  second 
section  of  tubing  connected  the  flask  to  the  stainless  steel  chamber,  and  a  third 
section  connected  the  steel  chamber  to  a  Hg  scrubber.  N2  gas,  monitored  by  a 
rotameter,  was  flowed  from  the  flask  to  the  chamber  at  100  ml/min.  The  flask 
containing  the  Hg  was  heated  to  100  °C,  in  a  boiling  water  bath,  to  produce  Hg 
vapor  (the  equilibrium  vapor  pressure  of  Hg  at  100  °C  is  0.3  Torr)  which  was 
transported  to  the  stainless  steel  chamber  by  entrainment  in  the  flowing  N2. 
Using  a  thermocouple  to  monitor  temperature,  the  chamber  was  heated  to  150 
°C  by  a  hot  plate,  driving  the  reaction  of  the  Se  capping  layer  with  the  Hg  Vapor. 

During  the  reaction  process,  the  samples  were  inserted  in  the  stainless 
steel  chamber,  the  Hg  was  heated  to  100  °C,  and  the  N2  gas  was  turned  on  prior 
to  heating  the  sample.  The  sample  temperature  was  ramped  from  room 
temperature  to  150  °C  over  a  -45  minutes  period  and  held  at  150  °C  for  times 
ranging  from  5  to  45  minutes.  The  samples  were  then  removed  from  the 
stainless  steel  chamber  and  cooled  to  room  temperature  in  air. 

For  samples  made  for  electrical  characterization,  the  HgSe  was  patterned 
into  dot  contacts  using  adhesive  (Scotch)  tape  with  1  mm  diameter  holes  spaced 
1  mm  apart.  The  tape  was  applied  to  the  Se  capped  surface  of  the  p-ZnSe 
samples  prior  to  insertion  in  the  stainless  steel  chamber,  and  remained  on  the 
samples  until  they  were  removed  from  the  reaction  chamber.  The  adhesive  tape 


was  used  to  restrict  exposure  of  the  Se  capping  layer  to  the  Hg  vapor.  Auger 
sputter  depth  profiling,  which  will  be  discussed  in  the  results  section  of  this 
chapter,  confirm  that  HgSe  did  not  form  in  the  areas  masked  by  the  adhesive 
tape. 

Temperature  dependant  l-V  measurements  were  used  to  determine  the 
conduction  mechanisms  dominating  in  the  HgSe/p-ZnSe  contacts.  These 
measurements  were  performed  by  mounting  the  samples  on  an  ADP  cold 
finger/heater  stage  with  a  Scientific  Instruments  Inc.  Series  5500  temperature 
controller.  This  stage  was  used  to  heat  the  samples  from  290  to  390  °K.  Silver 
epoxy  was  used  to  connect  electrodes  to  two  separate  HgSe/p-ZnSe  contacts. 
Therefore,  the  l-V  data  was  collected  from  two  back-to-back  Schottky  diodes. 
The  l-V  data  were  collected  for  applied  biases  of  -10  to  +10  volts  using  the  same 
automated  setup  and  curve  tracer  used  for  the  Au  and  Ag  contacts  described  in 
the  experimental  setup  section  of  chapter  3.  The  temperature  was  increased  in 
10  to  15  °K  increments  and  required  -30  minutes  between  measurements  for  the 
temperature  to  stabilize. 

Four  additional  types  of  samples  were  made  for  analytical 
characterization.  Samples  made  for  cross  sectional  transmission  electron 
spectroscopy  (XTEM)  analysis  had  a  similar  structure  as  those  made  for 
electrical  characterization,  except  that  a  thicker  Se  cap  was  used  (3000  A)  to 
provide  a  large  cross  sectional  area.  The  XTEM  samples  were  reacted  without 
patterning  for  45  minutes  at  150  °C  in  Hg  vapor.  Cross  sections  were  cut  by  a 


diamond  saw  and  thinned  by  mechanical  polishing,  then  thinned  to  <  2000  A  by 
ion  milling.  The  samples  were  analyzed  using  a  JEOL  4000  FX  high  resolution 
transmission  electron  microscope  with  energy  dispersive  spectroscopy  (EDS) 
capabilities  for  X-rays. 

Samples  for  X-ray  diffraction  (XRD)  analysis  were  made  using  Se 
evaporated  onto  glass  slides,  instead  of  Se  capped  ZnSe.  Glass  slides  were 
chosen  as  substrates  because  they  are  amorphous  and  therefore  do  not 
generate  X-ray  diffraction  peaks.  The  thermal  evaporator  used  to  deposit  the  Se 
onto  the  glass  slides  was  the  same  evaporator  used  to  deposit  Ag  contacts  and 
was  described  in  the  experimental  setup  section  of  chapter  3.  The  base 
pressure  in  the  thermal  evaporator  used  to  deposit  Se  was  -  5x1 0"7  Torr.  Se 
was  deposited  at  20  A/sec.  from  an  alumina  crucible  heated  by  a  tungsten 
filament,  onto  a  substrate  which  was  at  room  temperature.  The  final  thickness  of 
the  Se  film  was  ~  4500  A  as  measured  by  the  Inficon  quartz  crystal  monitor. 
These  samples  were  reacted  at  a  temperature  of  150  °C  for  45  minutes.  These 
parameters  were  chosen  to  produce  a  samples  which  would  closely  resemble 
the  electrical  contacts,  but  could  also  be  examined  by  X-ray  diffraction  to  verify 
the  structure  of  the  HgSe.  The  samples  were  analyzed  using  a  Phillips  APD 
3720  powder  diffractometer  using  Cu  Ka  radiation  over  a  range  of  0°  <.  8  <;  100°, 
with  0.05  0  increments  and  20.0  second  collection  times  per  degree.  In  addition 
to  the  reacted  sample,  an  as  deposited  samples  was  also  characterized  by  XRD 
to  determine  the  structure  of  the  as  deposited  Se. 


The  third  set  of  samples  were  made  for  compositonal  analysis  of  the 
HgSe  contacts  on  p-ZnSe  using  Auger  electron  spectroscopy  (AES).  These 
samples  were  fabricated  by  thermally  evaporating  a  3700  A  layer  of  Se  onto 
room  temperature  ZnSe.  Patterned  (1  mm  dot)  samples  were  formed  by 
reaction  at  150  °C  for  45  minutes  in  Hg  vapor.  Auger  analysis  was  performed 
using  a  PHI  660  scanning  Auger  system  with  a  -30  nA,  10  KeV  primary  electron 
beam  and  the  sample  tilted  at  30°.  Sputtering  for  the  depth  profile  was 
performed  using  a  3  KeV  argon  ion  beam  with  a  3mm  x  3mm  raster.  These 
conditions  resulted  in  a  sputter  rate  of  ~100  A/minute  for  Ta205. 

A  final  set  of  HgSe  samples  were  made  so  that  both  X-ray  and  Auger 
analysis  could  be  used  to  identify  diffusion  and  /or  intermediate  reaction 
occurring  during  the  formation  of  HgSe.  These  samples  had  a  similar  structure 
as  the  X-ray  samples  discussed  above,  with  8,000  to  10,000  A  of  Se  thermally 
evaporated  onto  glass  slides.  These  samples  were  heat  treated  in  Hg  vapor  at 
temperatures  of  25,  50,  and  70  °C  for  60  minutes.  X-ray  analysis  was  performed 
using  the  same  parameters  as  above  while  Auger  was  performed  using  a  ~20 
nA,  5  KeV  primary  electron  beam.  The  lower  beam  current  and  energy  were 
required  to  prevent  the  Auger's  primary  electron  beam  from  damaging  the  thick 
Se  layer. 


Results 


The  temperature  dependant  l-V  data  from  contacts  held  for  15  minutes  at 
150  °C  (423  °K)  in  Hg  vapor  are  shown  in  figure  4.2.  These  data  show  that  both 
the  as  deposited  and  heat  treated  HgSe/p-ZnSe  contacts  were  rectifying.  For 
temperature  dependant  l-V  data  taken  between  the  temperatures  291  °K  and 
350  °K,  the  current  increased  and  the  reverse  bias  breakdown  voltages 
decreased  with  increasing  temperature  .  At  temperatures  >  360  °K,  a  large  drop 
in  current  was  observed,  indicating  degradation  of  the  contacts  and/or  ZnSe 
epilayer.  The  degradation  was  larger  at  higher  temperatures  and  was 
irreversible  upon  cooling. 

XRD  data  from  the  HgSe  samples  on  glass  slides  reacted  at  150  °C  for  45 
minutes  matched  the  20  angles  and  relative  intensities  of  X-ray  diffraction  peaks 
for  cubic  HgSe  reported  in  the  JCPDS  files  [Mcc88,  File  No.  8-469].  Both  the 
experimental  data  and  cataloged  data  (JCPDS)  are  shown  in  Table  4-1 .  Note 
that  all  HgSe  peaks  in  the  JCPDS  data  with  intensities  >  2%  were  observed  in 
the  experimental  data.  Two  additional  peaks  at  28  angles  of  23.5°  and  48.7° 
were  also  observed  in  the  experimental  data.  These  peaks  were  found  to 
correspond  to  cataloged  peaks  for  hexagonal  Se  [Mcc88,  File  No.  6-362].  The 
XRD  data  from  the  as  deposited  Se  on  glass  slides  showed  no  identifiable 
diffraction  peaks,  indicating  that  it  was  amorphous. 
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Table  4.1 


Experimental  XRD  data  for  Se  on  glass  slide  reacted  for 
45  minutes  at  150  °C  in  Hg  vapor  compared  to  XRD  data 
from  JCPDS  files  for  cubic  HgSe  and  hexagonal  Se 


reacted  sample 

HgSe  (cubic) 

Se  (hexagonal) 

20  angle 

intensity  (%) 

20  angle 

intensity  (%) 

20  angle 

intensity  (%) 

23.55* 

26.9 

25.35 

100 

23.51 

55 

25.33 

100 

29.35 

16 

29.70 

100 

29.31 

7.9 

41.96 

50 

41.30 

16 

41.97 

34.7 

49.64 

30 

43.64 

35 

48.17* 

1.7 

52.00 

4 

45.35 

20 

49.62 

20.5 

60.85 

6 

48.10 

4 

51.87 

1.9 

66.97 

10 

51.72 

20 

60.77 

2.7 

68.94 

2 

55.65 

10 

66.95 

3.6 

76.63 

8 

56.14 

12 

76.58 

3.4 

82.29 

4 

61.21 

8 

82.19 

1.6 

91.46 

2 

61.66 

10 

91.35 

1.0 

96.98 

4 

65.27 

10 

97.19 

1.4 

98.85 

<1 

68.25 

4 

71.59 

6 

'hexagonal  Se;  balance  of  peaks  from  cubic  HgSe 
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Auger  depth  profiles  from  the  HgSe  dot  contacts  and  from  a  p-ZnSe 
region  between  dot  contacts  are  shown  in  figures  4.3  and  4.4,  respectively. 
From  the  dot  contacts  region,  the  Auger  data  has  constant  signals  for  Hg  and  Se 
over  the  first  10  minutes  of  sputtering.  After  10  minutes  of  sputtering  ,  the  Hg 
signal  began  to  decline  and  the  Zn  signal  began  to  increase  above  zero.  These 
trends  continued  until  about  27  minutes  of  sputter  time,  when  the  Hg  signal 
intensity  had  dropped  to  zero  and  the  Zn  signal  has  maximized.  Note  that  the 
Se  signal  remained  at  a  constant  value  throughout  the  depth  profile.  The  Auger 
data  taken  on  the  masked  area  between  dot  contacts  show  a  constant  signal 
intensity  for  Se  and  Zn  with  no  Hg  being  detected.  Note  that  the  signal 
intensities  for  the  Se  and  Zn  profiles  on  the  masked  area  closely  match  the 
signal  intensities  for  these  elements  at  the  end  of  the  profile  take  on  the  dot 
contacts. 

The  TEM  diffraction  data  from  reacted  samples  were  consistent  with  the 
formation  of  crystalline  HgSe  (Fig.  4.5).  Energy  dispersive  spectrometry  of  X- 
rays  (EDS)  were  used  in  the  TEM  to  verify  that  the  reacted  compound  consisted 
of  Hg  and  Se,  and  to  verify  the  composition  of  the  ZnSe  substrate.  Matched  sets 
of  diffraction  patterns  from  the  interface  between  ZnSe  and  HgSe  indicate  that  at 
least  some  regions  of  the  HgSe  formed  epitaxial  layers  on  the  ZnSe  (Fig.  4.5). 
An  image  at  100K  magnification  showing  isolated  regions  of  HgSe  which  have 
formed  on  the  ZnSe  surface  is  shown  in  figure  4.6.  Figure  4.7  shows  areas 
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where  these  HgSe  has  coalesced  into  a  continuous  film.  High  resolution 
images,  at  a  magnification  of  500K,  of  the  interface  between  the  HgSe  and  ZnSe 
are  shown  in  Figure  4.8.  The  composition  of  the  material  surrounding  the  HgSe 
could  not  be  verified  by  EDS  and  is  presumed  to  have  originally  consisted  of  Se 
which  sublimated  away,  or  was  mechanically  removed  during  sample 
preparation. 

A  montage  display  of  the  X-ray  data  from  the  HgSe  samples  on  glass 
slides  heat  treated  in  Hg  vapor  at  25,  50,  and  70  °C  is  shown  in  figure  4.9.  In 
addition,  the  X-ray  data  for  the  sample  heat  treated  at  150  °C  for  45  minutes  are 
also  shown  for  comparison.  These  data  indicate  that  only  very  small  fractions  of 
HgSe  were  present  in  the  25  and  50  °C  samples,  suggesting  the  layers  were 
primarily  amorphous.  The  Auger  data  from  the  25  and  50  °C  samples,  shown  in 
Figs.  4.10  and  4.11,  indicate  a  surface  coverage  of  Hg  but  no  diffusion  into  the 
Se  layer.  Diffraction  peaks  with  20  angles  which  correspond  to  HgSe  were 
observed  for  the  70  °C  sample,  although  their  relative  peak  heights  do  not  match 
the  JCPDS  data.  The  Auger  data  for  this  sample  (Fig.  4.12)  indicates  that  a 
significant  amount  of  Hg  is  present  in  the  surface  region  of  the  Se  layer.  After  ~ 
10  minutes  of  sputter  time,  the  Hg  signal  dropped  in  intensity  and  then  remained 
constant,  at  this  reduced  value,  until  the  Se/glass  interface  was  reached.  Note 
that  once  the  Se/Si02  interface  was  reached,  the  signals  were  very  noisy  due  to 
charging  of  the  glass  slide  which  caused  spurious  signals  when  the  HgSe  was 
sputtered  away.  Therefore  these  data  are  not  shown. 
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Discussion 

HqSe  Formation 

Atmospheric  exposure  and  ex  situ  processing  of  the  Se  capped  p-ZnSe 
samples  was  expected  to  be  possible  due  to  the  reported  passivation  and 
protection  provided  by  Se  capping  of  ZnSe  [Jon88].  These  reports  indicate  that  a 
Se  cap  prevented  oxidation  or  contamination  of  the  Se  surface  upon  exposure  to 
atmosphere.  This  layer  was  easily  removed  by  heating  the  sample  to  1 1 5-1 50 
°C  in  ultrahigh  vacuum,  which  yielded  a  clean  single  crystal,  stoichiometric,  and 
well  ordered  ZnSe  surface. 

X-ray  data  from  Se/glass  samples  and  dot  contacts  on  ZnSe,  both  heat 
treated  at  150  °C  for  45  minutes,  indicated  that  HgSe  was  formed  using  the  ex 
situ  process  outlined  in  this  dissertation.  From  the  TEM  results,  the  HgSe  was 
shown  to  form  at  the  Se/ZnSe  interface  as  small  (50  to  200  nm)  isolated 
precipitates  which  were  oriented  to  the  ZnSe  (similar  to  a  coherent  precipitate). 
This  unique  micro  structure  indicated  a  complex  series  of  events  must  take  place 
during  the  formation  of  HgSe  to  result  in  the  epitaxial  growth.  The  HgSe  reaction 
process  is  believed  to  begin  with  the  diffusion  of  Hg  into  Se.  The  equilibrium 
binary  phase  diagram  calculated  for  the  Hg-Se  system  indicated  that  there  is  no 
solid  solubility  of  Hg  in  Se  below  the  melting  temperature  of  Se  (221  °C)  [Shu69]. 
Instead  a  two  phase  region  exists  between  Se  and  HgSe.  In  addition,  HgSe  has 


a  stoichiometry  range  of  48.8  to  50.75  at.  %  Se  at  room  temperature.  However, 
the  phase  diagram  cannot  accurately  describe  the  behavior  of  the  Se  capping 
layer  because  it  is  in  a  metastable  amorphous  state  (a-Se),  as  reported  above. 
The  formation  of  a-Se  is  consistent  with  literature  reports  indicating  a-Se  was 
obtained  from  evaporative  deposition  on  Al  at  temperatures  below  the  peak 
recrystallization  temperature  [Lar81,  Kas87,  Kas93].  It  has  been  reported  that  a- 
Se  had  a  glass  transition  temperature  (Tg)  between  30  and  60  °C,  a  peak 
recystallization  temperature  (Tc)  between  110  and  140  °C,  and  was  composed  of 
30-50  %  Se8  rings  with  the  remainder  forming  Sex  polymer-like  chains.  Due  to 
this  open  structure,  a-Se  is  expected  to  have  far  greater  solubility  for  Hg  as 
compared  to  crystalline  Se.  As  a  result,  an  a-Se/Hg  solid  solution  is  believed  to 
have  formed  during  the  45  minutes  required  to  ramp  the  temperature  of  the  Se 
capped  ZnSe  samples  (in  Hg  vapor)  up  to  150  °C. 

Heating  the  a-Se/Hg  solid  solution  above  the  peak  recrystallization 
temperature  (1 10  to  140  °C)  is  believed  to  result  in  devitrification,  causing  the 
transformation  of  metastable  a-Se  and  Hg  to  the  HgSe  phase  predicted  by  the 
equilibrium  phase  diagram.  Therefore,  devitrification  caused  the  Hg  in  solution 
to  precipitate  out  as  HgSe  and  the  remaining  Se  had  a  hexagonal  crystal 
structure.  The  hexagonal  phase  (trigonal)  was  reported  to  consist  of  Sex  chains 
in  a  helical  pattern  [Kot92,  Oze90].  In  this  work,  the  growth  of  Se  crystallites 
from  a-Se  films  on  Al203  were  found  to  nucleate  at  the  substrate/film  interface 
and  propagate  toward  the  Se  film  surface.  This  must  have  resulted  from  a 
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higher  Se/a-Se  interface  energy  Yse/a-se  as  compared  to  a  lower  substrate/Se 
interface  energy  vS/se-  Since  the  crystal  structure  (zinc  blend)  and  lattice 
constant  for  ZnSe  (5.668  A)  and  HgSe  (6.084  A)  are  similar,  Yznse/Hgse  would  be 
expected  to  be  low.  In  the  case  of  epitaxy,  this  interface  would  be  eliminated, 
resulting  in  low  or  zero  interfacial  energy.  In  either  case,  precipitates  of  HgSe 
would  be  expected  to  nucleate  at  the  Se/ZnSe  interface.  This  was  observed  by 
TEM  analysis  in  regions  where  HgSe  precipitates  had  formed  but  had  not  yet 
coalesced  into  a  continuous  film  (Fig  4.5). 

The  Se/glass  samples  heat  treated  at  25,  50,  and  70  °C  were  used  to 
determine  the  reaction  steps  which  took  place  during  the  formation  of  HgSe. 
The  Se  layer  was  much  thicker  for  these  samples  (8,000- 10,000  A)  as  opposed 
to  other  samples,  to  help  determine  the  diffusion  profile  of  Hg  through  Se.  The 
Auger  data  from  these  samples  indicate  that  Hg  did  not  diffuse  at  temperatures 
below  25  and  50 °C  but  significant  diffusion  occurred  at  temperatures  >  70  °C. 
X-ray  data  from  the  sample  heat  treated  at  70  °C  indicates  that  some  of  the 
diffused  Hg  has  reacted  with  the  Se  to  form  HgSe.  In  addition,  some  of  the  Se 
has  devitrified  to  form  crystalline  Se  (Fig  4.9).  The  HgSe  is  believed  to  have 
formed  in  the  top  third  of  the  Se  layer.  This  conclusion  is  based  on  similarity 
between  the  relative  intensity  of  the  Hg  and  Se  signals  in  the  surface  region  of 
the  70  °C  sample  (Fig.  4.12)  and  the  HgSe  region  of  the  sample  heat  treated  to 
150  °C  (Fig.  4.3) 


Despite  the  apparent  formation  of  some  HgSe  at  70  °C,  the  most 
important  observation  from  the  Auger  depth  profile  is  the  significant  amount  of 
Hg  present  throughout  the  bottom  two  thirds  of  the  8,000-10,000  A  Se  layer. 
This  indicates  that  Hg  had  diffused  through  the  8,000  to  10,000  A  layer  during 
heat  treatment  at  70  0  C  for  60  minutes.  Since  the  x-ray  peak  intensities  for 
HgSe  were  significantly  lower  for  the  8,000-10,000  A  sample  (70  °C)  than  for  the 
1500  A  sample  (150  °C),  the  majority  of  the  70  °C  sample  was  believed  to 
consist  of  a-Se.  Therefore,  the  combined  results  showing  diffusion  of  Hg  and 
relatively  small  amount  of  HgSe  or  crystalline  Se  verifies  the  formation  of  an  a- 
Se/Hg  solid  solution  prior  to  the  precipitation  of  HgSe. 

Electrical  Characterization 

Temperature  dependant  l-V  data  were  collected  and  analyzed  to 
determine  the  conduction  mechanisms  and  barrier  heights  for  thermionic 
emission.  The  data  were  reduced  using  the  equations  for  reverse  bias 
conduction  for  Schottky  diodes.  In  this  analysis,  the  HgSe  was  treated  as  a 
metal  due  to  its'  negative  band  gap  and  high  carrier  concentrations  which  are  1 
to  2  orders  of  magnitude  greater  than  the  p-ZnSe.  For  contacts  dominated  by 
thermionic  emission  over  the  valence  band  offset,  the  saturation  current  is 
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described  by  Eq.  2-2.  A  simple  rearrangement  of  this  equation  yielded  the 
following: 

ln(l0/T2)  =  ln(SA*)+(A<M>B)/kT.  (4-1 ) 

From  this  equation,  plotting  the  temperature  dependant  l-V  data  as  ln(l0/T2)  vs 
1/T  should  produce  a  straight  line  if  thermionic  emission  was  the  only 
mechanism  resulting  in  conduction.  The  slope  of  this  line  multiplied  by  -k  is 
equal  to  <|>B-A(J>B.  From  the  equation  for  image  force  reduction  shown  in  Eq.  2-4, 
the  value  of  4>B-A4>B  should  vary  as  a  function  of  (VR)1M.  Therefore,  by 
determining  4>B-A4>B  over  a  range  of  values  for  VR,  a  plot  of  <t>B-A<t>B  vs  (VR)1/4  can 
be  obtained  which  should  also  produce  a  straight  line.  Extrapolation  of  this  line 
at  zero  reverse  bias  yielded  the  barrier  height,  <t>B,  which  is  equal  to  the  valence 
band  offset  for  contacts  dominated  by  thermionic  emission. 

A  typical  plot  of  ln(l0/T2)  vs  1/T  for  the  HgSe/p-ZnSe  contacts  is  shown  in 
figure  4.13.  From  these  data,  a  plot  of  4>B-A(J)B  vs  (VR)1/4  was  produced  which  is 
shown  in  figure  4.14.  Due  to  the  degradation  of  these  contacts  (increased 
resistance)  which  occurred  at  temperatures  >  360  °K,  the  data  fitted  to  the  <J>B- 
A<t>B  vs  (VR)1/4  plots  were  limited  to  data  collected  at  temperatures  below  360  °K. 
Possible  reasons  for  this  degradation  are  discussed  below. 

The  data  for  the  HgSe  samples  plotted  as  4>B-A4>B  vs  (VR)1/4  do  not 
produce  a  completely  straight  line.  Instead  the  plots  have  a  knee  in  the  curve 
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which  occurs  at  a  reverse  bias  of  -2.5  volts  (1 .25  volts1'4),  resulting  in  two  lines 
with  different  slopes  (Fig.  4.14).  The  two  different  slopes  indicate  a  change  in 
activation  energy  for  conduction  across  the  HgSe/p-ZnSe  interface. 
Extrapolation  of  the  best  fit  line  for  VR  between  0  and  2.5  volts  yields  a  barrier  of 
-0.55  eV,  which  is  in  good  agreement  with  the  expected  value  of  0.6  eV  [Lan92]. 
This  indicates  that  thermionic  emission  is  responsible  for  the  l-V  characteristics 
of  the  contacts  for  VR  <  2.5  volts.  Further,  the  barrier  height  clearly  suggests  that 
the  Fermi  level  of  ZnSe  is  not  pinned  at  the  surface,  consistent  with  previous 
literature  reports. 

The  equation  for  thermionic  field  emission  in  a  reversed  biased  Schottky 
diode  can  be  used  to  explain  the  l-V  characteristics  for  a  reverse  voltage  VR  > 
2.5  volts.  Thermionic  field  emission  in  Schottky  diodes  is  a  commonly  observed 
transport  mechanism  at  lower  carrier  concentrations  under  reverse  bias  because 
even  moderate  reverse  biases  cause  the  potential  barrier  to  become  sufficiently 
thin  to  tunnel  through  the  top  of  the  barrier.  Charge  carriers,  with  thermal 
energies  large  enough  to  reach  the  thin  region  of  the  barrier,  have  a  much 
greater  probability  of  tunneling  through  the  barrier  rather  than  attaining  sufficient 
thermal  energy  to  be  emitted  over  the  barrier.  The  equations  for  current  (I) 
generated  by  thermionic  field  emission  in  a  reversed  Schottky  diode  are  given  in 
Eq.  2-5  through  2-9,  and  as  shown  in  chapter  3,  Eq.  2-5  can  be  rewritten  to  show 
that  a  plot  of  ln(l)  vs  VR  should  produce  a  straight  line  if  thermionic  field  emission 
is  dominating  conduction  (Eq.  3-3).  The  reciprocal  slope  of  this  line  multiplied  by 
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-q  yields  the  value  of  -E'.  E00  can  be  determined  from  the  experimental  data 
using  equation  2-7  and  the  experimental  value  of  E'.  These  values  can  be 
compared  to  theoretically  determined  values  of  E00  (calculated  using  equation  2- 
9).  For  the  HgSe  contacts  heat  treated  at  150  °C  for  15  minutes,  the 
temperature  dependant  l-V  data  collected  for  VR  >  2.5  volts  does  produce  a 
straight  line  when  plotted  as  ln(l)  vs  VR.  These  data  are  shown  in  figure  4.15. 
The  value  of  E00  calculated  from  the  data  was  found  to  vary  from  0.0073  to 
0.0086  eV.  The  average  value  for  E00  was  0.007  eV  which  is  in  reasonable 
agreement  with  the  theoretical  value  of  0.005  eV.  As  with  thermionic  emission, 
data  collected  at  temperatures  >  360  °C  were  not  used  due  to  degradation  of  the 
contacts. 

Thus  temperature  dependant  l-V  data  indicate  that  thermionic  emission 
dominates  for  VR  <  2.5  volts  and  that  thermionic  field  emission  dominates  for  VR 
>2.5  volts.  This  is  in  agreement  with  l-V  curves  predicted  for  the  HgSe/p-ZnSe 
contacts  using  the  thermionic  and  thermionic  filed  emission  equations  from 
chapter  2.  The  current  versus  voltage  curves  from  these  calculations  are  shown 
in  figure  4.16,  in  which  thermionic  emission  dominates  conduction  for  VR  up  to  5 
volts  after  which  thermionic  field  emission  currents  dominate  conduction.  For  VR 
>  5  volts,  the  top  of  the  barrier  becomes  sufficiently  thin  allowing  tunneling  to 
occur.  The  reverse  bias  crossover  between  the  two  conduction  mechanisms  is 
larger  for  the  theoretical  curves  (5  V)  than  observed  experimentally  (2.5  V), 
probably  due  to  the  fact  that  the  effect  of  image  force  reduction  is  neglected  in 
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the  thermionic  field  emission  equations.  Image  force  reduction  will  result  in 
thermionic  emission  currents  which  are  slightly  larger  than  predicted,  causing 
crossover  at  a  lower  voltage. 

A  possible  explanation  for  the  degradation  of  contacts  at  temperatures 
>360  °K  can  be  obtained  by  reviewing  the  electrical  properties  of  HgSe.  HgSe  is 
an  n-type  semimetal  with  charge  carriers  generated  by  ionized  donor-type 
defects  [Kum76].  The  dominant  point  defects  in  HgSe,  indicated  by 
thermodynamic  analysis,  are  Hg  interstitials  and  Schottky  vacancies.  Hg 
interstitials  are  doubly  ionized  donors  and  therefore  control  the  carrier 
concentration.  Heat  treatment  of  HgSe  single  crystals  in  Hg  vapor  has  been 
shown  to  increase  the  carrier  concentrations  at  200  °C  for  16  to  36  hours,  from 
the  low  1017  cm"3  to  the  high  1018  cm"3  range.  This  corresponds  to  an  increase  in 
Hg  vapor  pressure  of  10'6  atm  (RT)  to  10"4  atm  (200  °C).  This  increase  in  carrier 
concentration  is  believed  to  result  from  an  increase  in  Hg  interstitials 
incorporated  during  heat  treatment.  Without  an  over  pressure  of  Hg  vapor,  Hg 
interstitials  will  diffuse  to  the  surface  of  HgSe  and  vaporize,  reducing  the  carrier 
concentration.  Loss  of  Hg  interstitials  during  the  temperature  dependant  l-V 
measurements  would  result  in  the  experimentally  observed  degradation  of  the 
contacts.  This  suggests  the  possibility  that  HgSe  contacts  are  inherently 
thermally  unstable. 


Summary 
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The  analytical  results  have  shown  that  a  stoichiometric,  epitaxial  HgSe 
layer  was  formed  using  the  ex  situ  process  described  in  this  chapter.  In  addition, 
the  results  verified  the  ability  to  form  a  solid  solution  of  Hg  in  a-Se,  which  was  a 
critical  step  in  the  formation  of  HgSe.  The  electrical  characterization  identified  a 
valence  band  offset  of  0.5  eV  across  the  HgSe  interface,  and  that  the  dominant 
conduction  mechanism  was  thermionic  emission  for  VR  <3  volts  but  changes  to 
thermionic  field  emission  for  VR  >  3  volts. 
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N2  gas  N2  gas  +  Hg  vapor  to  scrubber 


Hg  vapor 


heat  applied  from 
boiling  water  bath 


Se  cap  (150  nm) 

p-ZnSe  (4  um) 

GaAs  substrate 
(semi-insulating) 

heat  applied  from 
hot  plate 


Figure  4.1 :  Schematic  of  system  used  to  react  Hg  vapor  with  the  Se  capping 
layer  to  form  HgSe  contacts. 
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current  (amps) 


Figure  4.2:  l-V  data  for  HgSe/p-ZnSe  contacts  reacted  for  15  minutes  in  Hg 
vapor.  The  data  was  taken  over  temperatures  ranging  form  291  to  380  °K. 
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Figure  4.3:  Auger  depth  profiles  of  HgSe/ZnSe  contacts  formed  by  reacting  ZnSe 
with  a  370  nm  Se  layer  in  Hg  vapor  at  150  °C  for  45  minutes.  Note  that  the  Se 
signal  intensity  remains  contacts  throughout  the  profile  indicating  all  the  Se  has 
reacted  to  form  HgSe. 
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Figure  4.4:  Auger  depth  profile  of  ZnSe  region  between  HgSe  dot  contacts.  Note 
that  no  Hg  (or  HgSe)  is  present  on  the  surface  of  the  sample  indicating  that  the 
adhesive  tape  successfully  masked  the  sample  surface  from  exposure  to  Hg 
vapor.  Also  note  that  the  Se  surface  layer  has  been  removed,  presumably  by 
removal  of  the  adhesive  tape  followed  by  cleaning  in  acetone  ,  methanol,  and 
deionized  water. 
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Figure  4.6:  TEM  image  showing  50  to  200  nm  isolated  precipitates  of  HgSe 
which  have  formed  on  ZnSe  by  reacting  an  Se/ZnSe  sample  in  Hg  vapor  for  45 
minutes  at  150  °C. 
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Figure  4.7:  TEM  image  showing  a  region  were  a  continuous  layer  of  HgSe  has 
formed. 


Figure  4.8:  High  resolution  TEM  image  of  HgSe  (top)/ZnSe  (bottom)  interface. 
Note  that  the  interface  is  rough  but  epitaxial. 
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Figure  4.9:  Montage  display  of  X-ray  data  from  HgSe  samples  on  glass  slides 
heat  treated  at  25,  50,  70,  and  1 1 0  °C  in  Hg  vapor  for  60  m°inutes.  Also  included 
for  comparison  is  the  X-ray  data  from  an  HgSe  sample  on  a  glass  slide  heat 
treated  at  150  °C  for  45  minutes. 
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Figure  4.10:  Auger  depth  profile  of  Se/glass  sample  reacted  in  Hg  vapor  at  25  °C 
for  60  minutes.  Note  the  spike  in  the  Hg  signal  at  the  interface  and  anomalous 
Hg  signal  after  the  glass  slide  is  reached,  resulting  from  charging  of  the  glass 
slide. 
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Figure  4.1 1 :  Auger  depth  profile  of  Se/glass  sample  heat  treated  at  50  °C  for  60 
minutes.  As  in  figure  4.10,  an  anomalous  Hg  signal  is  observed  once  the  glass 
substrate  is  reached  due  to  charging. 
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Figure  4.12:  Auger  depth  profile  of  Se/glass  sample  reacted  in  Hg  vapor  at  75  °C 
for  60  minutes.  The  profile  shows  that  an  HgSe  layer  has  formed  in  the  top  third 
of  the  sample,  while  Hg  has  diffused  into  the  underlying  amorphous  Se  without 
reacting.  Auger  signals  were  not  detectable  once  the  Se/glass  interface  was 
reached  due  to  charging. 
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Figure  4.13:  Plot  of  In  (l/T2)  vs  1/T  for  HgSe/p-ZnSe  contacts  with  reverse  biases 
ranging  from  0.6  to  6  volts.  The  slope  of  these  lines  yield  the  value  of  <t>B-A4>B  for 
the  given  reverse  bias  (VR). 
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Figure  4.14:  Plot  of  <J>B-A4>B  vs  voltage1'4  for  HgSe/p-ZnSe  contacts  held  for  15 
minutes  at  150  °C  in  Hg  vapor,  indicating  a  barrier  height  of  0.55  eV. 
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Figure  4.15:  Plot  of  In(current)  vs  voltage  for  HgSe/p-ZnSe  contacts  with  reverse 
biases  of  3  to  5  volts  and  temperatures  ranging  from  291  to  348  °K. 
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Figure  4.16:  Theoretical  thermionic  emission  and  thermionic  field  emission  l-V 
data  for  HgSe/p-ZnSe  contacts.  From  these  calculations,  the  crossover  point 
between  thermionic  and  thermionic  field  emission  occurs  at  ~  5  volts. 


CHAPTER  5 

DEGRADATION  STUDIES  OF  MULTIQUANTUM  WELL  CONTACTS 

Introduction 


The  electrical  degradation  of  multiquantum  well  ohmic  contacts  to  p-ZnSe 
are  discussed  in  the  following  chapter.  The  contacts  were  degraded  under  high 
current  densities  (up  to  1500  A/cm2)  to  simulate  the  operating  conditions  which 
these  contacts  encounter  when  used  in  ZnSe  based  light  emitting  diodes  and 
laser  diodes  operated  in  a  continuous  wave  mode.  Auger  depth  profiles,  atomic 
force  microscopy,  energy  dispersive  spectroscopy  of  X-rays  and  secondary 
electron  images  were  used  to  identify  changes  in  structure  and  composition 
which  occurred  during  degradation.  Based  on  this  analytical  results,  potential 
links  between  contact  degradation  and  dark  line  defect  formation  in  laser  diodes 
will  be  discussed. 


Experimental  Setup 


The  degradation  of  multiquantum  well  contacts  was  performed  using 
samples  grown  at  3M  Corporation  in  St.  Paul,  MN.  The  samples  consisted  of  1 
to  2  urn  of  N  doped  p-ZnSe  grown  by  MBE  on  highly  doped  p-type  GaAs  (100) 
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substrates.  ZnTe/ZnSe  multiquantum  well  contacts  were  grown  on  the  ZnSe  as 
described  by  Hiei  et  al.  [Hie93]  (Fig  2.10).  The  as  received  samples  were 
cleaned  in  acetone,  methanol,  and  deionized  water  prior  to  depositing  the 
metallization  on  the  multiquantum  well  contacts.  Ohmic  metallizations  on  the 
multiquantum  well  structure's  top  ZnTe  layer  were  formed  by  depositing  100  A  of 
Pd  followed  by  1000  A  of  Au  (Fig  5.1),  using  the  evaporator  described  in  chapter 
3.  Although  Hiei  at.  al.  [Hie93]  reported  that  a  minimum  Rc  for  the  Au/Pd 
contacts  on  p-ZnTe  was  obtained  by  heat  treatment  at  200  °C  for  3  minutes,  the 
contacts  used  for  this  work  were  heat  treated  at  1 50  °C  for  30  minutes.  This 
lower  temperature  was  used  to  minimize  any  reactions  in  the  ZnTe/ZnSe 
superlattice.  The  150  °C  heat  treatment  for  30  minutes  was  recommended  by 
researchers  at  3M,  who  used  a  similar  heat  treatment  for  Au/Pd  contacts  to 
ZnSe  based  lasers. 

Backside  ohmic  contacts  were  made  to  the  GaAs  by  depositing  600  A  of 
Ti  followed  by  1000  A  of  Au  (Fig  5.1),  also  using  the  thermal  evaporator 
described  in  chapter  3.  Both  front  side  and  backside  contacts  were  deposited, 
prior  to  the  30  minutes  150  °C  heat  treatment.  Both  metallizations  were  heat 
treated  at  the  same  time  to  minimize  thermal  cycling  of  the  samples. 

Once  the  front  and  backside  metal  contacts  were  deposited  and  heat 
treated,  the  samples  were  cleaved  into  sections  with  dimensions  ranging  from  ~ 
4  mm  x  ~4  mm  to  1 .5  mm  x  2  mm.  By  cleaving  the  samples  after  deposition  of 
metal  contacts,  the  risk  of  metal  depositing  on  the  sides  of  the  samples  was 
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eliminated.  This  prevented  the  formation  of  metallic  conducting  paths  which 
could  have  short  circuited  the  front  and  back  sides  of  the  samples. 

Electrical  degradation  of  the  multiquantum  well  contacts  was  performed 
by  passing  high  current  densities  (1000  to  1500  A/cm2)  through  the  structure, 
from  the  front  side  contact  (held  at  a  positive  voltage)  to  the  backside  contacts 
(held  at  ground  potential),  as  shown  in  figure  5.2.  The  electrical  connection  to 
the  backside  of  the  samples  was  made  through  a  copper  block  which  also  acted 
as  a  heat  sink.  The  copper  block  was  -  2.5  cm  long,  0.8  cm  wide,  and  0.5  cm 
high.  Electrical  connections  to  the  front  side  of  the  samples  were  accomplished 
using  three  different  electrical  probes.  The  first  connection  used  a  spring  loaded 
Cu  probe  with  an  Au  tip,  mechanically  held  in  physical  contact  with  the  front  side 
of  the  contact.  The  contact  area  of  this  probe  was  estimated  to  be  ~  6x1 0  4  cm2 
and  was  determined  from  SEM  images  of  the  samples  surface  after  degradation. 
This  average  value  of  contact  area  was  used  to  determine  the  current  densities 
during  operation.  Note  that  the  area  of  the  sample  was  much  larger  (typically 
4x1 0"2  cm2)  leading  to  current  densities  through  the  MQW  region  which  were 
orders  of  magnitude  lower  than  those  through  the  point  of  contact  by  the 
electrical  probe.  The  second  scheme  was  similar  to  the  first,  but  the  probe  was 
composed  entirely  of  Cu.  The  Cu  probe  alloyed  with  the  Au/Pd  and  introduced 
impurities  into  the  contact  structure  which  were  used  to  identify  diffusion  paths. 
These  contacts  had  a  similar  contact  area  as  the  Au  probe  and  were  also  held  in 
place  by  spring  loading.  A  third  contact  scheme  used  in  this  study  consisted  of  a 
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copper  lead  which  was  fixed  to  the  surface  of  the  sample  using  conducting  silver 
paint.  These  contacts  had  a  surface  area  of  ~  3x1 0"2  cm2. 

The  electrical  degradation  stage  described  above  was  mounted  on  the 
end  of  a  cold  finger  (  APD  model  DISPLEX  DE-202)  which  was  used  to  control 
the  temperature  of  the  samples  during  degradation.  The  ADP  cold  finger 
cryostat  was  also  used  for  temperature  dependant  l-V  measurements  of  HgSe 
contacts  described  in  chapter  4.  The  semiconductor  temperature  sensor  for  the 
cold  finger  was  mounted  in  the  bottom  of  the  Cu  heat  sink,  allowing  the 
temperature  of  the  heat  sink  to  be  monitored  during  degradation.  Additional 
temperature  measurements  were  made  using  a  type-K  (alumel-chromel) 
thermocouple  which  was  mounted  on  the  end  of  the  Cu  probe.  The 
thermocouple  was  used  to  measure  the  localized  temperature  directly  beneath 
the  electrical  probe. 

An  automated  setup  was  used  to  maintain  a  constant  current  density 
through  the  contacts  during  degradation  controlled  by  an  IBM  PC  with  IEEE-488 
communications.  The  PC  ramped  the  voltage  supplied  to  the  sample  by  a 
Hewlett-Packard  61 12A  DC  power  supply,  and  the  current  flowing  through  the 
sample  was  measured  using  a  Hewlett-Packard  3478A  multimeter.  The  current 
measured  by  this  multimeter  was  used  to  control  a  feedback  loop  (through  the 
IBM  PC)  which  adjusted  the  input  voltage,  as  required,  to  maintain  the  desired 
current  densities.  The  current,  voltage,  and  heat  sink  temperature  were 
recorded  throughout  the  degradation.  Some  samples  were  degraded  with  a 
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thermocouple  attached,  and  this  temperature  was  also  periodically  recorded 
during  degradation. 

Samples  ~2mm  x  2mm  were  degraded  for  15  minutes  at  a  constant 
current  of  0.9  A  supplied  by  the  Au  probe.    The  resulting  current  density  was 
-1500  A/cm2.  The  power  supply  voltages  were  between  3  to  5  volts  yielding  an 
input  power  of  2.5  to  4.5  watts.  The  temperature  during  degradation  was  limited 
to  a  maximum  of  1 10  °C  (383  °K)  by  the  cold  finger.  The  temperature  was 
controlled  using  the  cold  finger  so  that  additional  samples  could  be  degraded 
under  identical  conditions.  Auger  depth  profiles  were  performed  using  a  Perkin- 
Elmer  PHI  660  Auger  spectrometer  with  a  5  KeV,  20  nA  electron  beam. 
Sputtering  for  the  depth  profile  was  performed  using  the  standard  3  KeV  Ar+  ion 
beam  with  a  3mm  x  3mm  raster,  which  would  result  in  a  sputter  rate  of 
100A/min.  on  Ta205.  Auger  depth  profiles  were  collected  from  three  points  on 
this  sample,  one  at  the  edge  of  the  Au  probe's  point  of  contact,  one  at  a  point  10 
urn  away  (outside  the  point  of  contact),  and  another  at  a  point  20  urn  away  from 
the  point  of  contact  (also  outside  the  point  of  contact). 

A  second  set  of  2  mm  x  2  mm  samples  were  degraded  at  current 
densities  of  ~1 500  A/cm2  for  times  of  6  to  90  minutes  using  the  copper  probe. 
As  before,  the  cold  finger  was  set  to  maintain  a  maximum  temperature  of  1 10  °C 
during  degradation.  An  additional  sample  was  degraded  for  90  minutes  at 
-1000  A/cm2  and  a  temperature  of  14  °C  to  study  the  effect(s)  of  temperature  on 
electrical  degradation. 
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Auger  depth  profiles,  using  the  same  spectrometer  and  conditions 
above,  were  also  collected  from  the  samples  degraded  using  the  Cu  probe.  To 
improve  the  depth  resolution,  these  sputter  profile  data  were  collected  with  a  1.5 
keV  Ar+  ion  beam  with  a  raster  size  of  5mm  x  5mm.  These  ion  beam  conditions 
yielded  a  sputter  rate  of  -80  A/min  on  ZnSe.  The  depth  profiles  were  performed 
on  a  flat  surface  region,  ~  10  urn  outside  the  point  where  the  Cu  probe 
contacted  the  sample  surface.  A  depth  profile  was  also  obtained  from  a  non- 
degraded  sample  for  comparison.  Note  that  this  non-degraded  sample  received 
the  same  30  minute  heat  treatment  at  150  °C  used  for  the  metal  contacts. 

Atomic  force  microscopy  (AFM)  and  secondary  electron  microscopy 
(SEM)  were  used  to  identify  changes  in  surface  morphology  on  samples 
degraded  at  1500  A/cm2  for  15  minutes.  The  AFM  was  performed  in  tapping 
mode  using  a  Digital  Instruments  Nanoscope  III  and  the  SEM  was  performed 
using  either  the  PHI  660  Auger  spectrometer  or  a  JEOL  JSM  35C  scanning 
electron  microscope.  Compositional  and  structural  data  were  also  obtained 
using  focused  ion  beam  (FIB)  milling  to  prepare  a  cross  section  of  a  sample 
degraded  for  15  minutes  at  110  °C.  The  FIB  samples  were  prepared  using  an 
FEI  61 1  focused  ion  beam  system.  These  samples  were  analyzed  using  the 
energy  dispersive  spectroscopy  of  florescent  x-rays  (EDS)  on  the  SEM  or  JEOL 
4000FX  high  resolution  transmission  electron  microscope. 

An  additional  sample  was  degraded  using  the  silver  paint  contacts  at 
current  densities  of  40  A/cm2for  12  hours  at  a  temperature  of  1 10  °C.  This 
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sample  had  the  same  input  power  as  those  degraded  using  the  Au  and  Cu 
probes  (-2.5  watts),  but  the  localized  current  densities  were  reduced  due  to  the 
larger  area  of  the  silver  paint  contacts.  Following  degradation,  the  silver  paint 
was  removed  using  acetone,  followed  by  a  rinse  in  methanol  and  Dl  water. 
Auger  depth  profiles  were  performed  through  the  region  originally  covered  by  the 
silver  paint  contacts  using  the  same  parameters  as  for  samples  degraded  using 
the  Au  probe. 

To  isolate  the  effects  of  high  temperature  without  current,  multiquantum 
well  contacts  were  heat  treated  at  elevated  temperatures.  These  samples 
structures  were  similar  to  the  electrically  degraded  samples  (Fig  5.1),  but  with  a 
thinner  Au  layer  (300  A)  to  improve  sputter  depth  resolution.  These  samples 
were  also  heat  treated  at  150  °C  for  30  minutes,  as  for  the  electrically  degraded 
samples,  and  were  then  given  additional  heat  treatments  at  200,  300,  and  400 
°C  for  60  minutes.  A  second  400  °C  sample  was  studied  after  a  heat  treatment 
time  of  only  5  minutes.  This  sample  was  used  to  observe  the  initial  reactions 
resulting  from  the  heat  treatment  of  the  multiquantum  well  contacts  at  400  °C. 
Auger  depth  profiles  were  collected  from  these  samples  using  the  same 
instrument  and  parameters  as  with  sampled  degraded  using  the  gold  probe. 
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Results 

Electrical  Degradation 

The  current,  voltage,  and  heat  sink  temperature  for  a  typical  sample 
degraded  for  12,  24,  36,  and  96  minutes  at  -1500  A/cm2  are  shown  in  figure  5.3. 
The  degradation  was  momentarily  stopped  after  each  interval  (e.g.  12,  24,  etc. 
minutes)  so  that  the  l-V  data  could  be  collected.  As  a  result,  the  semiconductor 
heat  sink  temperature  in  figure  5.3  was  observed  to  drop  after  each  degradation 
interval.  These  data  show  that  the  temperature  increased  for  ~  10  minutes 
before  reaching  a  maximum  value  and  stabilizing.  This  test  behavior  was  typical 
for  all  the  degraded  samples.  The  temperatures  measured  using  the 
thermocouple  were  typically  found  to  reach  a  maximum  temperature  -150  °C 
higher  than  those  measured  by  the  heat  sink  semiconductor.  During  the  initial 
stages  of  degradation,  localized  temperatures  measured  by  the  thermocouple 
were  found  to  increase  significantly  faster  than  the  heat  sink  leading  to 
temperature  gradients  >200  °C. 

The  l-V  data  as  deposited  and  after  12,  24,  36,  and  96  minutes  are  shown 
in  figure  5.4.  The  samples  exhibit  non-linear  l-V  characteristics  due  to  the 
valance  band  discontinuity  across  the  p-GaAs/p-ZnSe  interface.  The  initial  l-V 
characteristics  for  all  the  samples  were  similar  and  rectifying.  However  the  l-V 
characteristics  for  the  degraded  contacts  varied  widely,  from  no  electrical 
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conduction  to  linear  l-V  characteristics.  The  data  in  figure  5.4  show  that  the 
characteristics  of  this  contact  remained  constant  throughout  the  96  minutes 
degradation  at  1500  A/cm2  using  a  Cu  probe. 

Optical  and  electron  microscopy  reveal  that  the  high  current  degradation 
resulted  in  a  severely  damaged  region  directly  beneath  the  point  of  contact  for 
the  Au  or  Cu  probes  (Fig  5.5).  This  region  directly  under  the  contact  will  be 
referred  to  as  region  I.  For  samples  degraded  using  the  Cu  probe,  region  II 
formed  around  region  I  and  was  filled  with  micrometer  sized  surface  defects 
resembling  blisters.  These  blistered  regions  (region  II)  were  not  observed  for 
samples  degraded  using  the  Au  probe.  Outside  region  II  was  region  III,  a 
relatively  flat  surface  similar  at  low  magnification  to  the  original  non-degraded 
surface.  For  samples  degraded  15  minutes  or  longer,  high  magnification 
inspection  of  region  III  revealed  that  raised  rectangular  features  ~2  to  4  urn  in 
length  were  formed.  Note  that  these  features  were  observed  for  samples 
degraded  with  both  Au  and  Cu  probes.  The  photograph  in  figure  5.6  shows 
regions  I,  II,  and  III.  The  point  of  contact  (region  I)  is  in  the  lower  right  hand 
corner,  which  is  surrounded  by  a  ring  of  blisters  (region  II).  Several  raised 
rectangular  features  (region  III)  are  faintly  visible  in  figure  5.6,  but  are  presented 
in  better  detail  below.  Outside  of  region  III  is  the  smooth  original  surface. 
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Au  Probe 

As  mentioned  above,  samples  degraded  using  the  gold  probe  formed 
rectangular  raised  features,  but  a  much  less  pronounced  blistered  region  as 
compared  to  those  degraded  with  a  copper  probe.  Depth  profiles  through  a 
sample  degraded  for  20  minutes  at  1500  A/cm2  and  1 10  °C  were  collected  at 
four  points.  The  first  point  was  ~  20  urn  outside  the  edge  of  the  point  of  contact  ( 
i.e.  in  region  III);  the  second  profile  was  -10  urn  in  region  III  and  taken  through  a 
flat  region;  the  third  was  also  10  urn  into  region  III,  but  collected  at  a  rectangular 
feature;  the  fourth  point  was  directly  on  the  edge  of  the  point  of  contact  ( i.e.  in 
region  I).  The  profile  from  the  first  point  (20  urn  into  region  III)  is  shown  in  figure 
5.7.  A  small  Pd  signal  was  observed  throughout  the  Au  layer  indicating  that  the 
Pd  had  alloyed  with  the  Au.  After  -300  seconds  of  sputter  time,  a  sharp  Pd  peak 
was  observed  at  the  Au/ZnTe  interface  which  corresponded  to  the  100  A  Pd 
layer.  Some  Zn  and  Te  were  observed  on  the  surface  of  the  sample,  but  little 
or  no  Zn,  Se,  or  Te  were  observed  throughout  the  Au  layer.  Just  beyond  the  Pd 
peak  at  -300  sec,  a  sharp  Te  signal  was  observed  and  the  Zn  signal  increased. 
This  region  corresponds  to  the  ZnTe  layer.  Next,  the  Pd  and  Te  signals 
decreased  as  the  Zn  and  Se  signals  rose  to  a  constant  level,  indicating  that  the 
ZnSe  layer  had  been  reached.  Note  that  the  quantum  well  structure  cannot  be 
resolved  in  this  profile. 
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Both  profiles  at  a  distance  of  10  urn  into  region  II,  point  2  through  the  flat 
surface  (fig.  5.8)  and  point  3  through  the  rectangular  features  (not  shown),  were 
identical.  The  primary  electron  beam  was  defocused  to  prevent  melting  of  the 
sample  during  the  depth  profiles.  As  a  result,  the  beam's  spot  size  was  large 
and  the  profile  showed  the  average  structure  and  composition  across  the  sample 
surface.  Therefore,  the  two  depth  profiles  from  the  flat  region  and  raised 
rectangular  region  were  identical,  and  no  compositional  or  structural  changes 
were  identified  in  the  raised  rectangular  regions.  Both  profiles  showed  a 
decrease  in  the  Pd  peak  between  the  Au  and  ZnTe  layers,  indicating  additional 
Pd  has  alloyed  with  the  Au  as  compared  to  point  1  (20  urn  distance).  Some 
diffusion  of  Au  into  the  ZnTe  region  was  observed  from  the  data  taken  at  points 
2  and  3  (Fig.  5.8),  as  indicated  by  the  tail  on  the  Au  signal  extending  into  the 
ZnTe  region.  Data  from  point  4  at  the  edge  of  the  contacts  (Fig  5.9)  indicated 
that  all  of  the  Pd  in  this  region  had  alloyed  with  the  Au.  In  addition,  a  more 
diffuse  interface  was  observed  between  the  Au  and  ZnTe,  with  the  Au  profile 
extending  into  the  ZnSe  region. 

Cu  Probe 

The  Auger  depth  profiles  for  the  non-degraded  sample,  and  after  6  and 
90  minutes  of  degradation  at  1500  A/cm2  at  1 10  °C  using  a  copper  probe,  are 
shown  in  figure  5.10  through  5.14.  As  indicated  in  the  experimental  section, 
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Auger  depth  profiles  were  performed  on  all  samples  in  the  flat  region  (region  III), 
outside  the  point  of  contacts.  Unless  otherwise  stated,  all  profiles  were  taken 
through  undefective  regions. 

In  the  depth  profile  from  the  non-degraded  sample  (Fig.  5.10),  some  Pd 
had  alloyed  with  the  Au  but  the  majority  resided  in  a  Pd  layer  at  the  Au/ZnTe 
interface.  Note  that  a  small  C  signal  was  observed  at  the  Pd/ZnTe  interface. 
Despite  cleaning  efforts,  this  C  resulted  from  contamination  prior  to  (or  during) 
the  deposition  of  the  metal  overlayers.  After  sputtering  through  the  Pd  at  -3000 
sec,  the  Zn  signal  rose  along  with  a  sharp  Te  peak.  This  region  corresponded 
to  the  ZnTe  top  layer.  At  the  right  side  of  the  Te  peak  (-4500  sec),  the  Se 
signal  also  increased  and  the  Te  signal  dropped  off  as  the  depth  profile  reached 
the  ZnTe/ZnSe  superlattice.  Note  that  the  quantum  wells  again  were  not 
resolved.  The  Zn  and  Se  signals  reached  constant  values  between  6000  sec. 
and  16000  sec.  of  sputter  time,  indicating  a  uniform  stoichiometry  throughout  the 
ZnSe  region.  The  ZnSe/GaAs  interface  was  reached  after  16000  sec. 

After  6  minutes  of  degradation  time,  significant  changes  were  observed  in 
the  sample  structures,  as  indicated  by  Auger  analysis.  First,  a  large  surface 
concentration  of  Zn  was  detected  and  removed  by  a  30  sec.  sputter  prior  to 
collecting  the  depth  profile  of  figure  5.1 1 .  The  depth  profile  also  showed  that 
additional  alloying  occurred  between  the  Pd  and  Au,  as  evident  by  the  larger  Pd 
signal  throughout  the  Au  layer,  and  the  lower  Pd  peak  at  the  Au/ZnTe  interface 
(compare  Figs.  5.10  and  5.11).  In  addition  to  Pd,  Te,  Zn  and  Se  were  observed 
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to  diffuse  into  the  Au  layer.  Similar  to  the  non-degraded  sample,  the  Zn  and  Se 
signals  were  relatively  constant  throughout  the  ZnSe  region,  and  the 
ZnSe/GaAs  interface  was  again  reached  after  -3000  sec.  of  sputter  time. 

The  blistered  region  surrounding  the  point  of  contact  was  observed  to 
form  very  rapidly  and  was  evident  on  all  samples  degraded  using  the  Cu  probe, 
including  the  one  degraded  for  only  6  minutes.  Therefore,  a  second  depth 
profile  (fig  5.12)  was  collected  from  the  6  minute  sample  through  one  of  the 
blistered  regions  (region  II).  The  profile  shows  that  Cu,  from  the  Cu  probe, 
alloyed  with  the  Au  layer.  Unlike  region  III,  Te,  Zn,  and  Se  did  not  diffuse  into 
the  Au  layer.  Instead,  Cu  diffused  through  the  Au/Pd  region  and  collected  at  the 
Pd/ZnTe  interface.  The  Cu  signal  intensity  dropped  below  detectable  limits  once 
the  Pd/ZnTe  interface  was  reached.  The  Cu  signal  was  again  observed  to 
increase  upon  reaching  the  ZnSe/GaAs  interface.  Clearly,  Cu  has  permeated 
through  the  ZnSe  layer  and  into  the  GaAs.  These  results  were  confirmed  by  the 
cross  sectional  FIB  sample  which  will  be  discussed  below.  As  for  the  non- 
blistered  area,  a  surface  concentration  of  Zn  was  detected  but,  was  removed  by 
a  30  second  sputter  cleaning  prior  to  depth  profiling. 

Auger  electron  data  from  samples  degraded  for  90  minutes  again  had  a 
surface  coverage  of  Zn  which  was  removed  by  a  30  second  sputter  cleaning. 
The  depth  profile  (Fig  5.13)  showed  that  the  majority  of  the  Pd  alloyed  with  the 
Au.  The  Te  peak  was  broader  and  had  a  lower  intensity,  indicating  the 
possibility  of  diffusion  of  Te  into  ZnSe,  or  more  likely,  roughening  of  the  Pd/ZnTe 
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and  the  ZnSe/ZnTe  interfaces.  Although  small  signals  were  observed  for  Zn,  Te, 
and  Se  through  the  Au/Pd  layer,  the  signal  intensities  were  lower  than  in  the  6 
minute  sample  profiles  (Figs.  5.1 1  and  5.12).  Importantly,  the  Zn  and  Se  signals 
were  no  longer  constant  throughout  the  ZnSe  region.  Instead,  the  Zn  signal  was 
lower  in  the  top  half  of  the  ZnSe,  indicating  a  substantial  loss  of  Zn  from  this 
region.  The  As  signal  was  also  found  to  be  detectable  long  before  the 
ZnSe/GaAs  interface  was  reached  at  18500  sec,  indicating  that  small  amounts 
of  As  had  diffused  into  ZnSe.  Small  amounts  of  Cu  were  alloyed  with  the  Au 
layer,  but  the  Cu  signal  dropped  to  undetectable  limits  after  10,000  sec.  of 
sputtering  into  the  ZnSe  layer.  The  Cu  signals  were  not  detectable  in  the  GaAs 
region,  indicating  that  no  Cu  permeated  through  to  this  region.  This  is  in 
contrast  to  the  blistered  regions  in  the  6  min.  sample,  as  discussed  above. 

The  Auger  depth  profile  from  the  sample  cooled  to  14  °C  during 
degraded  for  90  minutes  at  1000  A/cm2  using  the  Cu  probe  is  shown  in  figure 
5.14.  This  depth  profile  is  similar  to  the  depth  profile  from  a  non-degraded 
sample  with  one  exception.  The  Pd  peak  is  lower  due  to  the  faster  sputter  rate 
used  during  this  depth  profile.  Despite  the  lower  signal  intensity,  the  Pd  peak  is 
sharp,  and  the  ZnTe  and  ZnSe  regions  are  well  defined.  This  indicates  that  little 
diffusion  took  place  during  the  degradation  of  the  samples  at  low  temperature 
and  low  current  density.  In  addition,  no  Zn  was  found  on  the  surface  of  this 
sample,  unlike  other  samples  degraded  at  higher  temperatures  and  current 
densities  (1500  A/cm2  at  110  °C). 
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To  identify  the  events  leading  to  the  formation  of  the  blistered  region 
surrounding  the  Cu  probe's  point  of  contact,  a  cross  sectional  sample  was 
prepared  by  focused  ion  beam  (FIB)  milling.  This  sample  was  originally  intended 
to  be  used  for  TEM,  but  was  too  thick  to  obtain  high  resolution  images  in  the 
JEOL  4000  FX.  However,  the  sample  was  transparent  enough  to  resolve  the 
layered  structure,  allowing  the  collection  of  EDS  data  which  were  correlated  with 
the  SEM  micrographs  shown  in  Figures  5.15  and  5.16.  Figure  5.15  is  a  high 
magnification  image  of  the  cross  section  showing  the  multilayer  structure  and 
figure  5.16  is  a  lower  magnification  image  of  the  same  sample.  The  composition 
of  each  layer,  as  identified  by  EDS  (Figs.  5.17-5.23),  have  been  indicated  in  this 
figure.  The  top  layer  was  tungsten  (W),  which  was  deposited  to  preserve  the 
underlying  structure  during  the  FIB  milling  of  the  sample.  The  next  layer,  which 
was  the  original  sample  surface  during  degradation,  was  a  thin  Zn  rich  layer, 
probably  composed  of  ZnO.  The  Au/Pd  layer  lies  beneath  the  ZnO,  followed  by 
a  region  containing  Zn,  Te  and  Se  ( i.e.  the  MQW  region).  Notice  that  Cu  was 
identified  in  the  ZnO,  Au/Pd  and  Zn/Te/Se  regions.  The  next  layer  consisted  of 
Zn  and  Se,  and  corresponds  to  the  ZnSe  epitaxial  layer.  The  EDS  data  in  figure 
5.21  indicates  that  very  little  Cu  was  present  in  this  region.  The  next  layer,  which 
appeared  to  be  polycrystalline  with  many  voids  and  defects,  was  composed  of 
Cu  with  Ga  and  As.  Beneath  this  layer  was  the  GaAs  substrate.  Note  that  in 
figure  5.16,  the  surface  topography  of  the  blister  was  found  to  follow  the  varying 
thickness  of  the  underlying  Cu  region  between  the  ZnSe  and  GaAs. 
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To  help  identify  the  origin  of  the  raised  rectangle  features  observed  on  the 
surface  of  the  degraded  samples,  the  surface  morphology  of  the  features  was 
studied  using  SEM  and  AFM.  An  SEM  micrograph  from  a  sample  degraded  for 
90  minutes  at  1500  A/cm2  and  1 10  °C,  used  for  Auger  depth  profiles  above  in 
figure  5.13  and  5.14,  is  shown  in  figure  5.24.  This  micrograph  shows  several 
raised  rectangular  features  which  have  formed  in  region  li,  -10  urn  from  the 
outer  edge  of  the  Cu  probes  point  of  contact  (region  I).  Figure  5.25  is  an  AFM 
image  of  a  sample  degraded  for  20  minutes  at  1500  A/cm2  and  1 10  °C  u 
sing  the  Cu  probe.  The  image  was  taken  just  outside  the  blistered  region 
surrounding  the  Cu  probe's  point  of  contact,  with  the  point  of  contact  being 
oriented  off  the  top  of  the  picture.  The  AFM  analysis  indicated  that  the 
rectangular  features  have  an  average  height  of  -50  nm,  were  2  to  5  urn  long  and 
nearly  square,  and  that  the  larger  and  taller  features  were  located  closer  to 
region  I.  The  height  and  density  of  the  features  decreased  as  the  distance  from 
region  I  increased.  This  indicates  that  the  features  resulted  from  degradation.  In 
addition,  the  sides  of  the  rectangular  features  were  aligned  with  the  cleaved 
sides  of  the  samples,  which  for  both  GaAs  and  ZnSe  are  the  {01 1}  planes. 

To  better  observe  the  rectangular  features,  the  Au/Pd  contact  was 
removed  from  a  sample  degraded  for  20  minutes  at  -1500  A/cm2  and  1 10  °C 
using  a  commercial  Au  stripping  solution  called  Technistrip  Au  and  was  supplied 
by  Technic,  inc.  (located  in  Cranston,  Rl).  Upon  removal  of  the  Au/Pd  layer, 
cracks  were  observed  along  the  edge  of  the  rectangular  features.  Based  on  the 
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crystallographic  orientations  reported  above,  the  cracks  ran  parallel  to  the  <100> 
directions.  Figure  5.26  is  an  AFM  image  showing  a  raised  rectangular  feature 
accompanied  by  a  crack.  Figure  5.27  is  an  SEM  micrograph  of  a  larger  area 
showing  the  same  feature  (rotated  -90°  clockwise),  plus  other  micro-cracks. 
Numerous  small  cracks  were  observed  in  the  surrounding  area,  all  of  which  had 
orientations  parallel  to  or  perpendicular  to  the  bigger  cracks.  Figure  5.28  is  a 
micrograph  showing  double  rectangular  features  forming  on  either  side  of  the 
cracks,  and  the  cracks  propagate  along  the  <1 10>  directions  at  the  end  of  the 
rectangular  defects.  In  all  cases,  the  depths  of  the  cracks  were  too  great  to 
measure  by  AFM. 

To  ensure  that  the  cracks  were  not  generated  by  etching  of  the  ZnTe  and 
ZnSe  during  the  chemical  stripping  of  the  Au  film,  identical  samples  were  ion 
milled  using  a  5  keV,  30  nA,  Cs+  beam  in  a  PHI  6600  SIMS  instrument.  Sputter 
removal  of  the  Au  layer  also  revealed  identical  cracks  adjacent  to  the  raised 
rectangular  features,  as  observed  by  wet  chemical  removal  of  the  Au  layer. 
Additional  sputtering  revealed  that  these  cracks  extended  through  the  entire 
ZnSe  region  and  into  the  GaAs  substrate. 

Silver  Paint  Electrical  Probes 

The  Auger  sputter  depth  profile  from  a  sample  degraded  using  large  area 
silver  paint  contacts  (Fig  5.29)  indicated  a  different  structure  than  that  observed 
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for  the  contacts  degraded  using  Cu  or  Au  probes.  This  sample  was  degraded 
for  12  hours  at  a  current  density  of  40  A/cm2,  reaching  a  maximum  temperature 
of  1 10  °C.  Following  degradation,  the  silver  epoxy  was  removed  by  cleaning  in 
acetone,  methanol,  and  deionized  water.  Again  Zn  and  Te  were  found  on  the 
surface  of  the  sample,  but  aside  form  a  reddish  discoloration  of  the  Au 
metallization  under  the  silver  contact,  no  changes  in  the  contact  surface  were 
observed.  The  depth  profile  (Fig  5.29)  indicated  the  formation  of  a  Pd/Zn/Te 
compound  and  a  low  Te  signal,  which  suggests  a  loss  of  Te.  Note  that  the 
stoichiometry  of  the  ZnSe  is  constant  throughout  the  profile. 

Heat  Treated  Samples 

The  depth  profiles  for  samples  heat  treated  at  200  °C  for  60  minutes  are 
shown  in  figure  5.30.  These  data  indicate  some  alloying  of  Pd  with  the  Au  layer, 
but  a  large  amount  of  Pd  was  still  present  between  the  Au  and  ZnTe.  The  data 
also  indicate  that  a  Pd/Zn/Te  compound  may  have  formed  between  the  Pd  and 
ZnTe  layers.  No  Zn  was  found  on  the  surface  of  the  sample,  but  C 
contamination  was  observed  at  the  Pd/ZnTe  interface. 

For  the  samples  heat  treated  at  300  °C,  the  formation  of  a  Pd/Zn/Te 
compound  was  more  pronounced  (fig  5.31).  A  sharp  Pd  signal  was  observed 
between  the  Au  and  ZnTe  with  both  the  Zn  and  Te  signals  exhibiting  a  plateau 
region  through  the  Pd  layer.  Again,  no  Zn  was  found  on  the  surface,  the  ZnSe 
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stoichiometry  was  maintained,  and  C  contamination  was  observed  at  the 
Pd/ZnTe  interface. 

For  5  minutes  at  400  °C,  the  depth  profile  revealed  Zn  and  Se  on  the 
surface  of  the  sample  (Fig  5.32).  Although  significant  alloying  of  the  Au  and  Pd 
was  observed,  enough  Pd  remains  between  the  Au  and  ZnTe  layers  to  suggest 
the  maintenance  of  a  Pd/Zn/Te  compound.  Despite  the  evidence  of  Zn  diffusion 
to  the  sample  surface,  the  stoichiometry  of  the  ZnSe  was  constant.  After  60 
minutes  at  400  °C,  the  surface  of  the  sample  was  covered  with  a  ZnO  layer  (Fig 
5.33).  Note  that  significant  amounts  of  Te  were  also  found  on  the  surface  and 
throughout  the  ZnO  layer.  The  Au  and  Pd  were  completely  alloyed,  and  no 
distinct  ZnTe  layer  remained.  As  the  ZnSe  was  reached,  the  slope  of  the  Se 
signal  was  greater  than  the  Zn  signal,  indicating  a  loss  of  Zn  from  this  region. 

Post  Degradation  Surface  Reactions 

Following  degradation  by  high  current  or  heat  treatment,  all  samples  were 
placed  in  a  desiccated  chamber  for  storage.  However,  the  surface  morphology 
was  found  to  change  with  time.  Whisker-like  features  formed  on  the  samples 
surfaces  which  grew  into  randomly  oriented  rectangular  crystals  over  a  period  of 
several  weeks  to  several  months.  A  micrograph  of  features  which  formed  after 
~3  week  is  shown  in  figure  5.34,  and  after  3  months  in  figure  5.35.  An  Auger 
line-scan  over  these  features  (Fig.  5.36)  indicates  they  are  composed  Zn,  C,  and 
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0  and  are  believed  to  be  ZnC03.  The  ZnC03  was  found  to  form  on  all  degraded 
samples  except  electrically  degraded  sample  held  at  14  °C.  For  samples 
degraded  by  heat  treatment  at  200  and  300  °C,  the  ZnC03  formed  only  on  the 
sample  edges. 

Discussion 

Diffusion  of  Zn  and  Te 

The  goals  of  this  research  were  to  identify  compositional  and  structural 
changes  which  occur  during  electrical  degradation  of  multiquantum  well 
contacts,  and  to  determine  if  there  was  any  link  between  contact  failure  and  the 
formation  of  dark  line  defects  (DLDs).  These  goals  were  achieved  through  the 
analysis  of  the  experimental  data  based  on  the  following  arguments.  A  damaged 
region  beneath  both  the  Cu  and  Au  probes  point  of  contact  (region  I)  were 
commonly  observed  after  power  was  supplied  through  a  point  contact.  This 
damage  presumably  resulted  from  localized  high  current  densities  which  led  to 
localized  heating  of  the  underlying  semiconductor.  The  localized  heating 
resulted  in  accelerated  diffusional  processes  and  thermal  stresses  which  led  to 
failure  of  the  contact  structure. 

The  fact  that  localized  heating  occurred  as  a  result  of  the  high  current 
densities  was  evident  based  on  the  Auger  data  from  samples  degraded  using 
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the  Au  probe.  The  depth  profiles  at  three  different  locations  from  the  probes 
point  of  contact,  (data  from  20  pm  and  1 0  pm  outside  and  at  the  edge  of  the 
point  of  contact,  Figs.  5.7  -  Fig.  5.9,  respectively)  show  that  alloying  between  Pd 
with  Au  and  interdiffusion  of  species  progressed  more  rapidly  closer  to  the  point 
of  contact  (region  I).  Since  alloying  and  diffusion  are  exponentially  dependent  on 
temperatures,  these  results  strongly  suggest  that  localized  temperature  were 
significantly  greater  at  locations  closer  to  the  point  of  contact. 

Degradation  of  the  ZnTe/ZnSe  multiquantum  well  contacts,  caused  by  the 
localized  heating,  was  found  to  progress  as  follows  based  on  Auger  depth 
profiles  from  the  non-degraded  sample  (Fig  5.10)  and  the  samples  degraded 
using  the  Cu  probe  at  -1500  A/cm2  for  6  min.  (Fig  5.11),  and  90  min.  (Fig.  5.13). 
After  6  minutes,  Zn  and  Te,  from  the  ZnTe  layer,  and  possibly  some  Se  from  the 
superlattice  and/or  ZnSe  layer  diffused  through  the  Au/Pd  contact.  At  the  same 
time,  Pd  alloyed  with  Au.  After  90  minutes,  the  Pd  was  observed  to  have 
completely  alloyed  with  the  Au  and  long  range  disruption  of  the  ZnSe 
stoichiometry  resulted  from  Zn  diffusing  out  of  the  ZnSe  region  to  the  surface  of 
the  sample.  Note  that  a  localized  maximum  in  the  Te  profile  occurred  in  the  Au 
layer  after  6  minutes  with  the  Cu  probe  (fig.  5.1 1 ).  This  indicates  that  a  large 
amount  of  Te  initially  diffuses  into  the  Au  region  towards  the  sample  surface,  but 
the  Te  flux  decreased  during  subsequent  degradation.  Note  also  that  after  90 
minutes,  long  range  diffusion  of  Zn  out  of  the  ZnSe  region  was  observed,  but  an 
overlying  Te  layer  was  still  present.  The  remaining  Te  signal  is  believed  to  come 
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from  the  ZnTe/ZnSe  superlattice,  suggesting  that  the  ZnTe  overlayer  dissociated 
and  diffused  into  the  Au  layer,  but  the  superlattice  did  not.  Therefore,  Zn  lost 
from  the  underlying  ZnSe  must  have  diffused  through  the  remaining  ZnTe/ZnSe 
superlattice.  While  the  data  discussed  above  was  obtained  for  samples 
degraded  using  a  Cu  probe,  similar  diffusion  and  alloying  were  observed  in 
contacts  degraded  using  an  Au  probe.  Therefore,  the  diffusion  of  Zn  and  Te  as 
well  as  the  alloying  of  Pd  and  Au  occurred  independent  of  the  electrical  probe's 
composition. 

Thermal  Stress 

In  addition  to  accelerating  diffusion,  localized  heating  from  the  high 
current  densities  during  degradation  are  believed  to  have  generated  significant 
thermal  stresses  which  lead  to  the  formation  of  the  micro-cracks  observed  on  the 
degraded  contacts  (Figs.  5.26  -  5.28).  Again,  these  cracks  were  observed  on 
samples  degraded  using  both  Au  and  Cu  electrical  probes.  If  the  area  under  the 
electrical  probe  (region  I),  is  treated  as  rigidly  bound,  the  magnitude  of  the 
thermal  stress  (at)  within  the  contact's  locally  heated  region  can  be  calculated  as 
follows  [Ask94]: 


ot  =  a  EAT, 


(5-1) 
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where  a  is  the  coefficient  of  thermal  expansion,  E  is  Young's  modulus,  and  AT  is 
the  difference  in  temperature.  Since  the  mechanical  properties  of  ZnSe  have  not 
been  studied  in  as  great  detail  as  for  GaAs,  the  calculations  below  will  be 
performed  for  the  thermal  stresses  in  the  GaAs  substrate  as  opposed  to  the 
ZnSe  epitaxial  layer.  Thermal  stresses  sufficient  to  form  micro-cracks  in  the 
GaAs  are  assumed  to  be  sufficient  to  form  cracks  in  the  ZnSe.  This  is  a 
reasonable  assumption  since  both  ZnSe  and  GaAs  cleave  along  the  {011} 
planes  and  any  cracks  originating  in  the  GaAs  would  be  expected  to  propagate 
into  the  ZnSe  as  described  by  Griffith's  theory  of  brittle  fracture  [Die86,  p.  246]. 
The  value  of  ot  is  easily  calculated  for  GaAs  using  values  5.4x1 0"6  K"1  for  a 
[Lid95,  p.  12-97],  103  GPa  for  E  [Eri88] ,  and  a  AT  of  200  °C  from  the  results 
section.  Defining  the  y  and  z  directions  in  the  plane  of  the  sample  and  the  x 
direction  normal  to  sample  surface,  the  calculated  values  for  at  in  the  y  (a^)  and 
z  (0^)  directions  are  both  a  compressive  stress  of  1 1 1  MPa. 

Treating  the  sample  as  an  elastic  solid,  the  biaxial  thermal  stress  in  the  y 
and  z  directions  distort  the  crystal  structure.  Compressive  stress  would 
decrease  the  crystal  dimensions  in  the  y  and  z  directions,  but  elongate  them  in 
the  x  direction.  This  will  generate  a  tensile  strain  in  the  x  direction.  The 
magnitude  of  this  strain  can  be  calculated  using  the  following  equation  [Die86,  p. 
49]: 


e,  =  1/E[ox-v(oy  +  oz)] 


(5-2) 
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where  e,<  is  the  strain  in  the  x  direction,  and  v  is  Poisson's  ratio.  Using  the  y  and 
z  stresses  calculated  above  (ox  from  thermal  expansion  is  assumed  to  be 
negligible  since  expansion  can  freely  occur  in  this  direction),  and  0.24  for  v 
[Eri88],  the  tensile  strain  in  the  x  direction  is    =  5.17x10  4.  Using  Hooke's  law, 
(o=Ee),  the  equivalent  tensile  stress  in  the  x  direction  required  generate  the 
same  strain  as  the  biaxial  y  and  z  stresses  would  be  53  MPa.  Analysis  of  GaAs 
indicates  that  the  material  always  cleaves  along  the  {1 1 0}  planes.  The  fracture 
stress  for  GaAs,  reported  from  four  point  bending  measurements,  was  between 
60  to  75  MPa  [Bel94].  In  this  work,  the  fracture  was  believed  to  initiate  at  pre- 
existing surface  defects  on  the  GaAs  generated  by  normal  handling.  In  other 
work,  fracture  stresses  of  55  to  80  MPA  were  observed  for  GaAs  which  was 
precracked  by  indentation  [Yas88].  This  indicates  that  the  thermal  stress  of  53 
MPA  generated  in  the  MQW  contacts  during  degradation,  had  sufficient 
magnitude  to  cause  crack  propagation. 

This  mechanism  explains  why  the  micro-cracks  intersect  the  sample 
surface  along  the  <100>  directions.  As  calculated  above,  a  tensile  stress  of  53 
MPA  in  the  x  direction  will  cause  the  same  strain  as  biaxial  compressive  stresses 
of  1 1 1  MPA  in  the  y  and  z  direction.  Therefore,  the  following  arguments  will  treat 
the  samples  as  if  they  were  under  tensile  stress  in  the  x  direction.  Since  the 
GaAs  substrate  was  cut  with  a  (100)  surface,  the  cleavage  planes  which  are  at  a 
45°  angle  to  the  (100)  surface,  such  as  the  (101),  intersect  the  sample  surface 
along  the  <100>  directions  (Fig.  5.37a).  Due  to  their  45°  orientation  to  the 
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sample  surface,  these  planes  would  have  a  component  of  tensile  stress  due  to 
ax  calculated  above.  However,  the  cleavage  planes  normal  to  the  sample 
surface,  such  as  the  (01 1 )  which  intersect  the  sample  surface  along  the  <1 1 0> 
direction,  are  not  under  tensile  stress  (Fig.  5.37b).  Cracks  will  propagate  along 
the  planes  under  tensile  stress,  and  therefore  will  propagate  along  the  {110} 
planes,  intersecting  the  surface  along  the  <100>  directions. 

It  is  possible  that  the  cracks  originated  at  defects  on  the  surface  of  the 
GaAs,  but  another  potential  location  for  cracks  to  originate  was  along  stacking 
faults  at  the  ZnSe/GaAs  interface.  This  may  explain  why  the  cracks  in  figures 
5.26  through  5.28  appear  to  have  kinks,  as  opposed  to  being  perfectly  linear. 
Stacking  faults  in  ZnSe  typically  form  along  the  {111}  planes  and  therefore, 
cracks  initiated  along  stacking  faults  would  initially  lie  in  the  {111}  planes.  As  the 
cracks  enlarged,  they  would  tend  toward  the  lower  energy  {110}  cleavage 
planes.  Multiple  cracks  would  then  produce  a  jagged  crack  with  a  net 
displacement  along  the  {110}  planes. 

Stress  generated  from  the  thermal  expansion  mismatch  between  GaAs 
and  ZnSe  should  have  been  significantly  less  than  the  thermal  stresses 
calculated  above.  This  is  partly  due  to  the  small  difference  in  thermal  expansion 
for  GaAs  (5.4X10"6  K"1)  and  ZnSe  (7.2x10"6  K"1).  In  addition,  the  samples  were 
grown  at  -280  °C,  so  the  stress  due  to  the  thermal  mismatch  should  be  zero  at 
this  temperature.  The  sample  temperatures  were  measured  to  be  260  °C,  using 
the  thermocouple,  yielding  a  AT  of  only  20  °C.  Results  from  the  samples 
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degraded  by  high  temperature  heat  treatment,  which  will  be  discussed  in  more 
detail  later,  indicate  that  sample  temperatures  may  have  been  as  high  as  300  to 
400  °C.  At  these  higher  temperatures,  the  larger  thermal  expansion  of  ZnSe,  as 
compared  to  GaAs,  would  lead  to  additional  compressive  stress  in  the  ZnSe. 
This  suggests  that  the  micro-cracks  would  originate  in  the  ZnSe  instead  of  the 
GaAs.  Other  evidence  indicating  that  the  micro-cracks  for  in  the  ZnSe  are  that 
lattice  parameter  for  ZnSe  (5.6676  A)  is  greater  than  the  lattice  parameter  for 
GaAs  (5.6531  A).  This  results  in  additional  compressive  stress  in  the  ZnSe 
region  due  to  the  lattice  mismatch,  leading  to  micro-cracks  originating  in  the 
ZnSe  region. 

Impurity  Diffusion  and  Blisters  in  Region  II 

While  diffusion  of  Zn  and  Te,  as  well  as  the  formation  of  micro-cracks 
were  observed  for  samples  degraded  using  both  Au  and  Ag  contacts,  the 
evolution  of  raised  blisters  (in  region  II)  was  only  observed  for  contacts  degraded 
using  Cu  probes.  The  mechanisms  leading  to  the  formation  of  the  raised  blisters 
be  explained  by  considering  diffusion  of  solute  atoms  (Cu)  into  the  MQW 
structures,  which  have  numerous  micro-cracks  throughout  them.  From  the  SEM 
micrograph  of  the  FIB  cross  sectional  sample  (Fig.  5.16),  the  surface  topography 
of  the  blistered  region  was  found  to  follow  the  geometry  of  the  underlying  Cu  rich 
region.  Both  Auger  depth  profiles  and  EDS  data  from  the  FIB  cross  section 
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confirm  large  amounts  of  Cu  at  the  ZnSe/GaAs  interface  but  little  to  no  Cu  in  the 
ZnSe  region.  Due  to  the  small  cross  sectional  area  of  the  micro-cracks  relative 
to  the  volume  of  the  bulk  crystal,  Cu  diffusing  through  ZnSe  along  micro-crack 
surfaces  would  not  be  detectable  by  Auger  or  EDS.  However,  the  cracks  should 
provide  a  high  diffusivity  path  for  Cu  through  the  ZnSe,  as  shown  schematically 
in  figure  5.38.  The  Cu  would  diffuse  down  to  and  along  the  ZnSe/GaAs 
interface,  deforming  the  overlying  layers  and  resulting  in  the  blistered  regions. 
Despite  the  fact  that  a  crack  was  not  observed  in  the  cross  section  of  figure  5.15, 
micro  cracks  repeatedly  formed  in  this  region  (region  II)  on  all  degraded  samples 
studied. 

The  mechanisms  outlined  above  would  require  a  rapid  diffusion  rate  for 
Cu  along  the  GaAs/ZnSe  interface  since  the  cross  sectional  sample  (Fig.  5.16) 
showed  a  ~1  urn  thick  Cu  layer  at  the  ZnSe/GaAs  interface  which  formed  after 
20  minutes  of  degradation.  A  1  urn  thick  ,  10  urn  diameter  Cu  region  at  the 
ZnSe/GaAs  interface  would  consist  of  ~  8x1 012  atoms.  The  number  of  atoms 
which  could  be  transported  through  the  micro-cracks  observed  on  the  degraded 
samples  can  be  estimated  as  follows.  The  frequency  factor  (D0)  and  activation 
energy  (Q)  for  Cu  bulk  diffusion  in  ZnSe  are  1.7x10"5  cm2/s  and  0.56  eV, 
respectively  [Lid95,  p.  12-110].  Since  the  activation  energy  for  surface  diffusion 
is  typically  -1/3  that  of  bulk  diffusion,  the  activation  energy  for  Cu  diffusion  along 
the  surface  of  the  micro-crack  walls  would  be  -0.18  eV.  The  diffusion  coefficient 
(D)  is  calculated  as  shown  below: 
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D  =  D0  exp  (-Q/RT) 


(5-3) 


where  R  is  the  gas  constant  and  T  is  the  temperature.  Equation  5-3  yields  a 
diffusion  coefficient  of  3.3x1 0"7  cm2/s  at  a  temperature  of  260  °C  (the  localized 
temperature  measured  by  the  thermocouple),  assuming  the  same  D0  as  above, 
which  can  be  used  to  calculate  the  flux  rate  of  Cu  through  the  micro-cracks  using 
Fick's  first  law: 


Here  3c/dx  is  the  partial  derivative  of  concentration  (c)  with  respect  to  distance 
(x),  and  can  be  approximated  as  Ac/Ax.  Assuming  a  50  %  surface 
concentration  of  Cu  and  no  Cu  at  the  bottom  of  the  micro-cracks,  Ac  is  5x1 022 
atoms/cm3.   Using  a  diffusion  distance  of  3  urn  (the  thickness  of  the  MQW 
contacts  and  ZnSe  epitaxial  layer)  for  Ax,  J  is  calculated  to  be  5.5x1 019  atoms/ 
cm2s.  Using  an  area  of  2x1 0"11  cm2  (assuming  a  crack  length  of  5  urn  and  each 
side  of  the  crack  to  be  one  interatomic  spacing  wide),  1 .2x1 012  atoms  could 
diffuse  down  the  micro-crack  in  20  minutes.  This  is  in  reasonable  agreement 
with  the  number  of  atoms  indicated  above,  required  to  form  the  blistered  regions. 
Diffusion  along  the  ZnSe/GaAs  should  occur  almost  as  rapidly  as  along  the 
crack  surfaces  since  the  activation  energy  for  interfacial  diffusion  is  -1/2  that  of 
bulk  diffusion.  Therefore,  Cu  does  have  sufficient  mobility  to  diffuse  down  the 


J  =  -D  (dcldx). 


(5-4) 
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micro-cracks  and  along  the  ZnSe/GaAs  interface  to  generate  the  blistered 
regions  after  20  minutes. 

Rectangular  Raised  Features  in  Region  III 

Now  considering  the  rectangular  features  which  formed  in  region  III  of  the 
degraded  contacts,  their  shape  and  orientation  to  the  underlying  semiconductor 
suggest  at  least  two  possible  mechanisms  of  formation.  First,  the  rectangular 
features  resemble  the  dislocation  patches  (DLDs)  which  form  in  the  quantum 
well  region  of  degraded  diode  lasers.  The  second  possibility  discussed  below 
consists  of  diffusion  of  Zn  and  Te  from  the  ZnTe  layer  to  the  Au  layer  by  a  ledge 
mechanism.  Note  that  Auger  depth  profiles  through  the  raised  rectangular 
features  showed  no  evidence  of  Au  or  Cu  diffusion,  indicating  that  the 
rectangular  features  did  not  result  form  impurity  diffusion  into  the  MQW  contact 
structure. 

Due  to  the  similarities  between  the  rectangular  features  and  DLDs,  a 
review  of  DLD  formation  is  in  order.  The  formation  of  DLDs  begins  with 
dislocations  that  originate  at  stacking  faults  at  or  near  the  GaAs/ZnSe  interface 
and  propagate  up  through  the  n-ZnMgSSe  (Fig  2.11)  [Hua94].  At  the  n- 
ZnMgSSe/n-ZnSSe  interface,  the  partial  dislocations  bounding  the  stacking 
faults  combine  to  form  narrowly  dissociated  dislocations  which  thread  upwards. 
Upon  reaching  the  quantum  well,  the  dislocations  dissociate  forming  small 
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stacking  faults.  Beyond  this  point,  the  dislocation  reaction  has  not  been  studied 
in  detail,  but  preliminary  results  indicate  that  a  dislocation  half  loop  forms  at  the 
p-ZnMgSSe/p-ZnSSe  interface  which  threads  upward  to  the  sample  surface. 
TEM  results  indicate  that  the  dislocation  networks  which  form  in  the  quantum 
well  region  (DLDs)  result  from  a  coalescence  of  point  defects  [Hov95].   It  has 
been  further  suggested  that  the  point  defects  are  vacancies  which  aid  in  the 
relief  of  compressive  strain  in  the  QW  region  and  that  the  threading  dislocations 
which  intersect  the  QW  are  paths  for  accelerated  diffusion  of  these  point  defects. 

In  work  by  Hovinen  [Hov95],  dark  line  defects  were  generated  by  optical 
pumping  of  the  laser  structures  as  well  as  by  electrical  pumping.  This  result 
along  with  the  confinement  of  the  defects  to  the  quantum  well  region  indicates 
that  the  formation  of  DLDs  is  enhanced  by  recombination-induced  heating 
[Yas94]  at  the  p-n  junction  during  current  injection.  Recombination-induced 
heating  results  from  energy  absorbed  by  the  semiconductor  when  a  non- 
radiative  recombination  occurs  (~2.7  eV  for  ZnSe).  This  often  leads  to 
generation  and  enhanced  diffusion  of  point  defects  [Yas94]  and  is  believed  to 
accelerate  point  defect  diffusion  in  ZnSe  laser  diodes  resulting  in  the  formation  of 
DLDs. 

Although  the  structures  studied  in  the  present  study  were  not  QW  lasers, 
the  contact  structure  had  a  strained  ZnSe/ZnTe  multiquantum  well,  in  which 
patches  of  dislocation  may  also  have  formed.  The  rectangular  defects  observed 
in  region  III  of  the  degraded  contacts  have  rectangular  geometries  oriented 
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about  micro-cracks,  similar  to  the  DLDs  oriented  about  threading  dislocations. 
The  quantum  well  contacts  are  highly  strained  which  suggests  that  point  defects 
form  to  reduce  strain,  also  similar  to  the  DLDs.  Finally,  the  micro-cracks  have 
been  indicated  above  as  paths  for  accelerated  diffusion,  and  would  therefore 
assist  the  formation  of  dislocation  patches  in  the  QW  contacts  by  providing  a 
path  for  accelerated  diffusion  of  point  defects. 

A  reduction  of  the  density  of  the  ZnTe/ZnSe  quantum  well,  due  to 
dislocation  formation,  would  account  for  a  volumetric  expansion  leading  to  the 
formation  of  raised  features.  However,  the  MQW  region  of  the  contacts  was 
initially  only  -200  A,  while  the  rectangular  defects  were  found  to  be  as  high  as 
1000  A,  and  would  therefore  require  a  500%  increase  in  volume  to  account  for 
the  observed  raised  rectangular  features.  In  addition,  the  DLDs  in  the  laser 
structures  are  bounded  in  the  <340>  directions,  while  the  rectangular  features  in 
the  degraded  contact  structures  were  bounded  in  the  <1 1 0>  directions.  As  a 
result,  it  is  not  certain  that  patches  of  dislocation  networks  alone  would  lead  to 
the  formation  of  the  raised  features. 

Auger  depth  profiles  discussed  above  showed  that  the  Zn  and  Te  from  the 
ZnTe  layer  diffused  through  the  Au  layer  to  the  sample  surface.  Since  little  Au 
was  found  to  diffuse  in  the  opposite  direction,  the  interface  between  the 
metallization  and  the  ZnTe  migrated  into  the  sample  structure  as  described  by 
the  Kirkendal  effect.  However,  once  the  ZnTe/ZnSe  superlattice  was  reached, 
the  superlattice  did  not  dissociate  and  diffuse  into  the  metallization,  impeding 
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further  movement  of  the  interface.  Therefore,  Zn  lost  from  the  ZnSe  epitaxial 
layer  must  have  diffused  through  the  superlattice.  If  patches  of  dislocations  had 
formed  in  the  superlattice,  a  much  higher  atomic  flux  would  diffuse  across  these 
regions  due  to  pipe  diffusion  along  the  dislocations.  The  excess  material 
diffusing  from  the  ZnSe  to  the  sample  surface  in  these  regions  may  have  slowed 
the  migration  of  the  metal/semiconductor  interface  in  the  localized  regions, 
leading  to  the  formation  of  the  raised  rectangular  features. 

With  respect  to  the  second  mechanism,  dissolution  of  the  semiconductor 
surface  into  the  metallization,  through  a  ledge  mechanism  is  possible.  Growth 
ledges  commonly  form  when  growth  (or  recession)  of  an  interface  is  interface- 
controlled  [Por81]  as  opposed  to  diffusion-controlled.  Interface-controlled 
growth/dissolution  commonly  occurs  across  smooth  solid/liquid  interfaces  or 
coherent  (and  coherent  regions  of  semicoherent)  interfaces,  especially  when  the 
interface  occurs  between  phases  with  different  crystal  structures.  These 
interfaces  have  a  low  accommodation  factor  for  atoms  diffusing  across  the 
interface  because  the  diffusing  atom  must  occupy  an  unstable,  high  energy 
position.  Therefore,  atoms  which  jump  across  the  interface  are  forced  back  to 
their  original,  more  stable,  positions.  Diffusion  across  these  interfaces  occurs  by 
the  transverse  motion  of  ledges  which  are  typically  hundreds  of  atom  layers  high 
(fig.  5.39a).  Atoms  hopping  across  the  interface  to  the  ledge  faces  BC  and  DE 
are  easily  accommodated  since  no  new  surfaces  are  generated.  As  atoms  jump 
to  (or  from)  the  ledge  faces,  the  ledges  grow  (or  recede)  parallel  to  the  interface, 
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resulting  in  the  structure  shown  schematically  in  figure  5.39b.  Growth 
mechanisms  which  rely  on  this  ledge  mechanism  are  commonly  limited  by  the 
nucleation  rate  of  new  ledges.  However,  when  surfaces  recede  through  a  ledge 
mechanism,  the  sample  edged  act  as  a  continuous  source  for  new  ledges. 

The  interface  between  ZnTe  and  the  Au/Pd  metallization  is  not  believed  to 
be  coherent,  but  the  MBE-grown  ZnTe  does  have  a  smooth,  single  crystal 
surface.  Therefore,  atoms  randomly  diffusing  across  the  metal/semiconductor 
interface  will  generate  greater  surface  area,  increasing  the  interfacial  energy.  To 
minimize  the  interfacial  energy,  diffusion  may  be  occurring  through  a  ledge 
assisted  process.  The  rectangular  features  observed  on  the  degraded  samples 
would  then  result  from  the  impeded  lateral  movement  of  ledges  as  the 
semiconductor  surface  dissociates  and  Zn  and  Te  diffuse  across  the 
metal/semiconductor  interface.  In  order  to  further  minimize  interfacial  energy, 
the  ledges  are  expected  to  form  along  planes  with  the  lowest  interface  energy. 
This  is  in  agreement  with  the  rectangular  features  observed  on  the  degraded 
samples  which  have  edges  that  are  aligned  with  the  {110}  cleavage  planes,  the 
only  non-polar  surface  for  ZnTe. 

The  SEM  (Fig  5.27)  and  AFM  (Fig  5.26)  images  of  the  rectangular 
features  indicate  that  the  lateral  motion  of  the  ledges  are  impeded  by  the  micro- 
cracks.  It  is  not  clear  why  this  would  occur.  Instead,  the  cracks  would  be 
expected  to  act  as  a  source  for  ledge  nucleation,  resulting  in  faster  dissolution  of 
the  surrounding  semiconductor  and  the  formation  of  pits.  Therefore,  while  this 
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mechanism  may  play  a  role  in  the  formation  of  the  raised  rectangular  features, 
the  formation  of  dislocation  patches  in  the  quantum  well  region  appear  to  be  the 
dominate  mechanism. 

High  Temperature  Effects 

An  important  issue  which  must  be  discussed  is  the  relation  between 
temperature,  degradation  mechanisms,  and  degradation  rate.  The  contact 
degraded  for  90  minutes  at  1000  A/cm2  and  14  °C  showed  only  minor  alloying  of 
the  Au  and  Pd,  which  actually  occurred  earlier  during  the  initial  30  minute  heat 
treatment  at  150  °C  (see  Fig  5.14)  to  achieve  ohmic  characteristics.  There  was 
no  diffusion  of  Zn,  Te,  or  Se  to  the  sample  surface  and  no  loss  of  Zn  from  the 
ZnSe.  In  addition,  there  was  no  alloying  of  the  contacts  with  Cu  from  the  Cu 
probe.  This  indicates  that  the  degradation  of  the  contacts  is  strongly  dependant 
on  temperature  and  can  be  prevented  by  cooling  the  sample  during  operation. 

During  operation,  degradation  was  observed  for  samples  with  a  heat  sink 
temperature  of  1 10  °C.  Using  the  thermocouple  to  obtain  localized  temperature 
readings,  the  maximum  probe  tip  temperature  measured  was  260  °C,  for  a  heat 
sink  temperature  of  1 1 0  °C.  Despite  the  use  of  a  thermocouple  at  the  tip  of  the 
electrical  probe,  these  measurements  of  localized  temperature  are  believed  to 
still  be  significantly  lower  (by  an  estimated  50  to  100  °C)  than  the  actual 
temperatures  directly  beneath  the  probe.  This  observation  is  based,  in  part,  on 
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reports  that  ZnSe  can  be  safely  processed  at  temperatures  up  to  300  °C,  yet  a 
severe  loss  of  Zn  was  observed  for  samples  degraded  at  heat  sink  temperatures 
of  1 1 0  °C.  Additional  support  for  these  conclusions  comes  from  the  comparison 
of  the  depth  profiles  form  electrically  degraded  and  heat  treated  samples  below. 

The  samples  degraded  by  heat  treatment  at  200  and  300  °C  showed  that 
the  MQW  contacts  experienced  only  minor  alloying  between  Au  and  Pd  and  no 
diffusion  of  Zn,  Te,  and  Se,  in  contrast  to  the  electrically  degraded  samples. 
Instead,  a  Pd/Zn/Te  compound  was  observed  to  form  at  the  Pd/ZnTe  interfaces, 
similar  to  the  Pd5ZnSe  compound  reported  to  form  at  Pd/ZnSe  interfaces 
[Dux95]  heat  treated  between  200  and  400  °C.  The  Pd/Zn/Te  compound  was 
also  detected  after  5  minutes  at  400  °C,  but  was  not  stable  during  longer  heat 
treatments.  After  60  minutes,  the  Pd/Zn/Te  compound  had  disappeared,  and  the 
Auger  depth  profiles  from  the  contacts  (Fig  5.33)  showed  the  same  trends  as  the 
depth  profiles  from  electrically  degraded  contacts  (Fig.  5.7).  Note  that  the 
Pd5ZnSe  compound  was  also  reported  to  be  unstable  at  temperatures  of  400  °C 
and  higher  [Dux95].  Concentrations  of  Zn,  Te,  and  Se  were  found  at  the 
surface,  and  the  Pd  alloyed  with  Au.  In  addition,  the  sample  heat  treated  at  400 
°C  for  60  minutes  showed  a  loss  of  Zn  from  the  surface  of  the  ZnSe  region.  The 
lack  of  a  Pd/Zn/Te  compound  in  the  Auger  depth  profiles  of  the  electrically 
degraded  samples  indicated  that  the  localized  temperatures  must  have  been  > 
300  °C.  Further,  the  similarities  between  the  depth  profiles  from  the  400  °C  heat 
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treated  samples  and  electrically  degraded  samples  indicated  that  degradation 
under  high  current  loading  resulted  from  localized  temperatures  close  to  400  °C. 

MQW  Contact  Degradation  and  DLDs 

As  described  above,  the  formation  of  DLDs  in  laser  diodes  are  believed  to 
result  from  the  coalescence  of  point  defects  in  the  QW  region.  Recombination 
induced  heating  was  postulated  as  a  mechanism  which  accelerated  the 
formation  and  diffusion  of  these  defects.  The  results  in  this  dissertation  show 
that  localized  heating  results  when  power  is  supplied  to  a  multiquatum  well 
contact  through  a  fine  tip  probe.  Potentially,  this  localized  heating  would  further 
increase  the  rate  of  point  defect  diffusion  and  lead  to  accelerated  DLD  formation. 
In  addition,  the  localized  heating  in  the  contact  structures  studied  in  this  work 
was  believed  to  result  in  the  formation  of  micro-cracks  which  extend  through  the 
structure.  In  a  quantum  well  laser  structure,  these  cracks  certainly  would  extend 
through  the  active  region  of  the  device.  Since  the  micro-cracks  were  shown  to 
act  as  high  diffusivity  paths,  the  cracks  would  provide  a  path  for  accelerated 
point  defect  diffusion  (as  dislocations  have  been  speculated  to  act  in  degraded 
QW  lasers),  again  leading  to  accelerated  DLD  formation. 
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Effects  of  Contact  Area 

The  silver  paint  contacts  indicate  that  the  lifetime  of  MQW  contacts  can  be 
prolonged  by  increasing  the  contact  area,  while  maintaining  the  same  input 
power.  The  Auger  depth  profile  through  the  contact  degraded  for  12  hours  at  40 
A/cm2  suggest  that  a  Pd/Zn/Te  compound  has  formed,  similar  to  the  samples 
heat  treated  at  200  and  300  °C.  This  indicates  that  the  localized  temperature 
was  significantly  reduced  by  increasing  the  contact  area.  Despite  the  lower 
temperatures,  Zn  was  still  observed  to  diffuse  and  collect  on  the  sample 
surface.  The  voltage  and  current  during  degradation  were  3-5  volts  and  0.9  A, 
respectively,  resulting  in  an  input  power  of  2.7  to  4.5  watts.  No  rectangular 
features  or  micro-cracks  were  observed  on  the  samples  surface,  nor  was  a  loss 
of  Zn  observed  in  the  ZnSe  region.  This  indicates  that  the  long  range  diffusion 
of  species  in  the  ZnSe  region  was  significantly  reduced  by  larger  contacts, 
presumably  due  to  lower  operating  temperatures.  The  implications  for  ZnSe 
based  diode  lasers  are  that  micro-cracking  and  diffusion  in  the  MQW  contact  can 
be  decreased  by  distributing  the  input  current  over  a  larger  area  during  testing 
and  operation. 

Post  Degradation  Surface  Reactions 

Analysis  of  degraded  samples  consistently  showed  that  Zn  diffused  to, 
and  accumulated  on  the  sample  surface.  Immediately  after  degradation,  the  Zn 


145 

dispersed  and  formed  an  oxide  on  the  surface.  After  several  weeks,  the  oxide 
transformed  to  a  carbonate,  due  to  the  much  larger  free  energy  of  formation  for 
ZnC03  (-731  Kcal/mol)  as  compared  to  ZnO  (-320  Kcal/mol)  [Lid93].  This  larger 
free  energy  provides  the  driving  force  to  produce  ZnC03  from  ZnO  and  residual 
C02  from  air.  The  ZnC03  initially  formed  as  whiskers  which  eventually  grew  into 
crystals  that  reached  tens  of  micrometers  in  length.  In  addition  to  Zn  and  Te, 
Se  also  diffused  to  the  sample  surface.  The  lower  surface  concentration  of  this 
element  on  the  degraded  samples  probably  resulted  from  sublimation,  since  the 
vapor  pressure  of  Se  (2  Torr  at  1 10  °C  )  is  much  greater  than  for  Te  (2x1 0"2  Torr) 
and  Zn  (1x1 0"2  Torr)  at  110  °C.  The  formation  of  ZnO  and  ZnC03  may  present 
adhesion  problems  for  these  devices,  which  must  be  considered  when  ZnSe 
devices  are  ready  for  wire  bonding  and  packaging. 

Summary 

The  electrical  degradation  of  the  multiquantum  well  contacts  was  found  to 
result  from  localized  heating  and  atomic  transport  at  the  electrical  probe  point  of 
contact.  This  localized  heating  became  more  pronounced  as  the  probe's  contact 
area  was  reduced,  and  was  found  to  result  in  micro-cracks,  alloying  of  the  Au 
and  Pd  metallizations,  and  diffusion  of  Zn,  Te,  and  Se.  The  micro-cracks  were 
identified  as  high  diffusivity  paths  through  the  contact  structure.  Comparison  of 
electrically  degraded  samples  to  those  degraded  by  heat  treatment  indicated 
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that  localized  temperatures  during  degradation  by  small  contacts  supplying 
~1 500  A/cm2  using  Au  and  Cu  probes  were  close  to  400  °C.  Larger  area 
contacts  were  found  to  reduce  the  localized  heating  and  slow  the  degradation, 
however,  Zn  was  still  observed  to  diffuse  to  the  sample  surface.  Diffusion  of  Zn 
was  dsecreased  by  increasing  the  area  of  the  contact  and  prevented  by  cooling 
the  sample  to  14  °C  during  degradation. 
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Figure  5.1:  Schematic  diagram  showing  the  multiquantum  well  contact  test 
structure.  The  frontside  (Au/Pd)  and  backside  (Ti/Au)  metallizations  were 
deposited  by  evaporation.  Following  deposition,  the  samples  were  heat  treated 
for  30  minutes  at  150  °C. 
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Figure  5.2:  Schematic  diagram  showing  electrical  degradation  apparatus.  The 
samples  were  mounted  on  a  Cu  heat  sink  which  was  cooled  by  a  cold  finger.  An 
IBM  PC  was  used  to  control  the  power  applied  to  the  sample  and  to  record  the 
current ,  voltage  ,  and  temperature  during  degradation 
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Figure  5.3:  Current,  voltage,  and  temperature  for  a  multiquantum  well  contact 
degraded  at  1500  A/cm2  for  12,  24,  36,  and  96  minutes  at  287  °K.  Note  the 
temperature  drop  between  degradation  intervals. 
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Figure  5.4:  l-V  curves  for  multiquantum  well  contacts  as  deposited,  and 
degraded  at  1500  A/cm2  and  285  °Kfor  12,  24,  36,  and  96  minutes.  Note  the 
recitfying  nature  of  the  l-V  data  from  the  band  offset  at  the  p-ZnSe/p-GaAs 
interface. 
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Figure  5.5:  SEM  micrograph  showing  a  damaged  region  which  occurs  beneath 
the  electrical  probe's  point  of  contact  after  electrical  degradation. 
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Figure  5.6:  SEM  micrograph  showing  a  ring  of  blisters  surrounding  the  point  at 
which  the  electrical  probe  contacted  the  multiquantum  well  contact  during 
degradation.  Note  that  the  point  of  contact  was  In  the  lower  right  side  of  the 
picture.  Outside  the  ring  of  blisters  is  a  relatively  flat  region. 
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Figure  5.7:  Auger  depth  profile  taken  -20  um  from  the  perimeter  of  the  Au 
probe's  point  of  contact.  The  profile  shows  some  alloying  between  Au  and  Pd, 
and  a  loss  of  Te,  as  compaired  to  non-degraded  samples. 
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Figure  5.8:  Auger  depth  profile  taken  in  region  II,  i.e.  -10  um  away  from  the 
perimeter  of  the  point  of  contact  by  the  Au  probe  used  to  electrically  degrade  the 
sample.  This  profile  shows  that  alloying  between  Au  and  Pd  and  a  loss  of  Te 
have  progressed  farther  than  at  a  distance  20  um  away  from  the  contact  point 
(compare  data  in  figures  5.7  and  5.8). 
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Figure  5.9:  Auger  depth  profile  taken  on  the  edge  of  the  point  of  contact  by  the 
Au  probe  used  to  electrically  degrade  the  multiquantum  well  contact.  The  profile 
shows  that  the  Au  and  Pd  have  completely  alloyed. 
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Figure  5.10:  Auger  depth  profile  of  non-degraded  multiquantum  well  contacts  on 
p-ZnSe  with  Au/Pd  metallizations.  This  profile  shows  well  resolved  Pd  and  Te 
(ZnTe)  layers. 
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Figure  5.11:  Auger  depth  profile  from  a  multiquantum  well  contact  degraded  at 
1500  A/cm2  for  6  minutes  at  1 10  °C.  The  depth  profile  shows  that  Te,  Zn,  and 
Se  diffuse  towards  the  surface  and  Pd  alloyed  with  Au. 
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Figure  5.12:  Auger  depth  profile  through  blistered  region  surrounding  the  point  of 
contact  of  a  Cu  electrical  probe  following  degradation  at  1500  A/cm2  for  6 
minutes  at  1 10  °C.  The  profile  shows  that  Cu  rapidly  diffused  to  the  ZnSe/GaAs 
interface.  However,  the  Cu  signal  is  below  detectable  limits  through  the  ZnSe 
region. 
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Figure  5.13:  Auger  depth  profile  from  a  multiquantum  well  contact  degraded  at 
1500  A/cm2  for  90  minutes  at  1 10  °C.  The  profile  shows  greater  alloying 
between  the  Au  and  Pd,  and  further  loss  of  Te  as  compared  to  the  depth  profile 
from  samples  degraded  for  6  minutes.  In  addition,  a  loss  of  Zn  is  observed 
through  the  top  half  of  the  ZnSe  layer. 
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Figure  4.14:  Auger  depth  profile  from  multiquantum  well  contact  degraded  at  40 
A/cm2  for  90  minutes  at  14°C.  The  sharp  Pd  peak  and  pronounced  ZnTe  layer 
indicate  that  little  diffusion  has  occurred  during  degradation. 
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Figure  5.15:  SEM  micrograph  from  an  FIB  cross  section  through  a  raised  blister 
region  surrounding  the  Cu  probe's  point  of  contact  following  degradation  at  1500 
A/cm2  for  20  minutes  at  385  °K.  Note  the  layered  structure  of  the  contact. 
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Figure  5.16:  Lower  magnification  SEM  image  of  FIB  cross  section.  Note  that  the 
surface  topography  of  the  sample  follows  the  shape  of  the  underlying  Cu  rich 
region.  Also  note  the  defects  generated  by  the  EDS  analysis. 


163 


Figure  5.17:  EDS  data  from  W  overlayer  (1)  in  the  degraded  multiquantum  well 
FIB  cross  sectional  sample. 
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Figure  5.18:  EDS  data  from  Zn  surface  layer  (2)  in  the  degraded  multiquantum 
well  FIB  cross  sectional  sample. 


165 


Cu 


Figure  5.19:  EDS  data  from  the  Au  layer  (3)  in  the  multiquantum  well  FIB  cross 
sectional  sample.  Note  the  high  Cu  signal  indicating  alloying  between  Au  and 
Cu. 
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Figure  5.20:  EDS  data  from  Zn,  Te,  and  Se  region  (4)  of  the  degraded 
multiquantum  well  FIB  cross  sectional  sample.  The  large  Cu  signal  indicates 
that  Cu  is  present  in  this  region. 
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Figure  5.21:  EDS  data  from  ZnSe  region  (5)  of  the  degraded  multiquantum  well 
FIB  cross  sectional  sample.  Note  the  relatively  small  Cu  signal  in  comparison  to 
other  layers. 
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Figure  5.22:  EDS  data  from  Cu  rich  region  (6)  at  the  ZnSe/GaAs  interface  of  a 
degraded  multiquantum  well  FIB  cross  sectional  sample. 
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Figure  5.23:  EDS  data  from  GaAs  substrate  (7)  of  degraded  multiquantum  well 
FIB  cross  sectional  sample. 
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Figure  5.24:  SEM  micrograph  showing  raised  rectangular  features  forming  after 
degradation. 
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Figure  5.25:  AFM  image  of  raised  rectangular  features  which  formed  following 
degradation.  Note  that  the  features  are  oriented  to  each  other.  The  Cu  probe 
was  located  off  the  top  of  the  image  where  the  taller  (brighter)  features  were 
located. 


172 


Figure  5.26:  AFM  image  of  a  raised  rectangular  feature  accompanied  by  a  crack 
on  the  surface  of  a  degraded  multiquantum  well  contact.  The  image  was 
obtained  after  the  Au  layer  was  stripped  by  wet  chemical  etching. 
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Figure  5.27:  SEM  image  of  rectangular  features  and  an  accompanying  crack 
seen  on  the  surface  of  a  degraded  multiquantum  well  contact  with  the 
metallization  removed  by  wet  chemical  etching.  Note  that  smaller  cracks  are 
observed  with  the  sam  orientation  as  the  large  crack  on  the  rectangular  feature's 
edge. 
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Figure  5.28:  SEM  micrograph  of  double  rectangular  features  on  either  side  of  an 
elongated  crack.   Note  propagation  of  the  crack  along  <1 10>  directions  at  the 
end  of  the  raised  features. 
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Figure  5.29:  Auger  depth  profile  from  a  multiquantum  well  contact  degradation  at 
40  A/cm2  for  12  hours  at  1 10  °C  using  a  silver  paint  contact.  The  depth  profile 
shows  a  low  Te  signal  and  the  formation  of  a  Pd/Zn/Te  compound  as  compared 
to  the  non-degraded  sample  (Fig.  5.10).  Note  the  limited  alloying  between  the 
Au  and  Pd. 
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Figure  5.30:  Auger  depth  profile  from  a  multiquantum  well  contact  heat  treated  at 
200  °C  for  60  minutes.  The  profile  shows  alloying  between  the  Au  and  Pd,  slight 
diffusion  of  Se  toward  the  sample  surface,  and  indicates  the  formation  of  a 
Pd/Zn/Te  compound. 
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Figure  5.31:  Auger  depth  profile  from  a  multiquantum  well  contact  heat  treated  at 
300  °C  for  60  minutes.  The  depth  profile  shows  the  formation  of  a  Pd/Zn/Te 
compound  at  the  Pd/ZnTe  interface. 
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Figure  5.32:  Auger  depth  profile  from  a  multiquantum  well  contact  heat  treated  at 
400  °C  for  5  minutes.  The  profile  shows  alloying  between  the  Au  and  Pd,  and 
the  formation  of  a  Pd/Zn/Te  compound.  Note  also  that  Zn  and  Se  are  evident 
near  the  sample  surface. 
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Figure  5.33:  Auger  depth  profile  from  a  multiquantum  well  contact  heat  treated  at 
400  °C  for  60  minutes.  The  profile  shows  a  ZnO  surface  layer,  alloying  between 
the  Au  and  Pd  layer,  and  loss  of  Zn  and  Te. 


180 


Figure  5.34:  SEM  micrograph  showing  whisker-like  features  which  form  on  the 
surface  of  degraded  multiquantum  well  contacts  ~3  weeks  after  degradation. 
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Figure  5.35:  SEM  micrograph  showing  rectangular  features  which  form  on  the 
surface  of  degraded  samples  ~3  months  after  degradation. 
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Figure  5.36:  Auger  line  scan  across  crystals  which  formed  on  the  surface  of 
multiquantum  well  contacts  3  months  after  degradation.  The  scan  shows  that 
the  crystals  are  composed  of  Zn,  C,  and  O. 


Figure  5.37:  Diagram  showing  a)  {110}  cleavage  planes  which  intersect  the 
sample  surface  in  the  <1 10>  directions,  b)  {110}  cleavage  planes  which  intersect 
the  sample  surface  in  the  <1 10>  directions. 
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Figure  5.38:  Schematic  diagram  of  diffusion  paths  in  multiquantum  well  contacts 
during  degradation. 
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Figure  5.39:  Schematic  diagram  showing  a)  side  view  of  surface  with  atomic 
ledges.  Sections  AB,  CD,  and  EF  are  parallel  to  the  sample  surface,  and  BC, 
and  DE  are  the  ledge  faces,  b)  the  features  which  result  due  to  a  ledge 
mechanism. 


CHAPTER  6 
CONCLUSIONS 
Metal  Contacts 

Both  Au  and  Ag  contacts  were  observed  to  be  rectifying  in  their  as 
deposited  condition.  The  sputter  deposited  Au  contacts  were  found  to  have 
large  reverse  bias  breakdown  voltages  of  12  to  15  volts  prior  to  any  heat 
treatment.  These  l-V  characteristics  were  found  to  remain  constant  at  heat 
treatment  temperatures  of  150,  200  and  300  °C  for  15  minutes,  but  a  large 
decrease  in  reverse  bias  breakdown  voltage  was  observed  to  occur  after  heat 
treatment  at  350  and  400  °C  for  15  minutes.  Samples  heat  treated  at  both  350 
and  400  °C  behaved  very  similar  with  the  reverse  bias  breakdown  voltage 
decreasing  to  ~  3  volts  after  15  minutes  of  heat  treatment  time.  The  breakdown 
voltage  remained  constant  for  heat  treatment  times  up  to  45  minutes,  but 
increased  for  longer  times.  Following  90  minutes  of  heat  treatment,  the 
breakdown  voltage  increased  to  ~4  volts. 

Auger  sputter  depth  profiles  and  SIMS  data  from  an  Au/p-ZnSe  sample, 
heat  treated  at  350  °C  for  90  minutes,  indicated  that  significant  interdiffusion 
occurred  between  the  Au  and  ZnSe.  Au  was  observed  to  diffuse  into  the  ZnSe 
and  Zn  and  Se  diffused  into  the  Au  layer.  The  diffusion  of  Au  corresponded  to 
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the  reduction  in  reverse  bias  breakdown  voltage  observed  for  the  heat  treated 
samples.  The  Au  is  believed  to  generate  deep  acceptor  levels  in  ZnSe  with 
ionization  potentials  of  550  meV  which  lead  to  defect  assisted  avalanche 
breakdown  dominating  in  conduction  of  charge  across  the  interface.  The  defect 
assisted  avalanche  breakdown  resulted  in  higher  conductivity  across  the 
Au/ZnSe  interface  at  lower  voltages,  yielding  the  reduction  in  reverse  bias 
breakdown  observed  for  the  samples  heat  treated  at  350  and  400  °C. 

The  as  sputter  deposited  Ag/p-ZnSe  contacts  were  found  to  have  a  lower 
revers  bias  breakdown  voltage  (3.5  to  4.5  volts)  as  compared  to  the  sputtered 
Au/p-ZnSe  contacts  (12  to  15  volts).  Heat  treatment  of  the  Ag  contacts  at  150, 
200,  and  300  °C  was  observed  to  result  in  a  decrease  in  revers  bias  breakdown 
with  a  minimum  of  -2.3  volts  reached  after  45  minutes  of  heat  treatment  time. 
The  normalized  resistance  of  the  contacts  was  found  to  increase  significantly 
after  only  15  minutes  at  both  200  and  300  °C,  and  greater  resistance  increases 
were  observed  following  longer  and  higher  temperature  heat  treatments. 

Auger  sputter  depth  profiles  and  SIMS  data  from  Ag/ZnSe  contacts  heat 
treated  at  150  °C  for  90  minutes  and  300  °C  for  30  minutes  showed  no  evidence 
of  compound  formation  or  diffusion.  However,  a  large  oxygen  signal  was 
observed  at  the  Ag/ZnSe  interface  of  the  as  deposited  and  150  °C  samples, 
which  was  also  found  to  decrease  after  heat  treatment  at  300  °C.  This  oxygen, 
incorporated  during  deposition  and  heat  treatment,  is  believed  to  act  as  a 
shallow  (80  meV)  co-dopant  in  the  ZnSe  resulting  in  higher  carrier 


188 

concentrations  at  the  ZnSe  surface.  This  in  turn  led  to  thermionic  field  emission 
currents  dominating  conduction,  resulting  in  the  lower  reverse  bias  breakdown 
voltages  observed  for  the  heat  treated  Ag/ZnSe  contacts. 

This  relation  between  reverse  bias  breakdown  voltage  and  oxygen 
incorporation  for  Ag/ZnSe  contacts  was  verified  in  additional  experiments  on 
evaporated  Ag/p-ZnSe  contacts.  In  this  work,  Ag/ZnSe  contacts  experienced  a 
reduction  in  breakdown  voltage  from  4  volts  in  the  as  deposited  case  to  2.3  volts 
following  heat  treatment  at  150  °C  in  an  oxygen  ambient.  Similar  contacts  heat 
treated  in  a  forming  gas  ambient  (10%  hydrogen,  90  %  nitrogen  devoid  of 
oxygen)  did  not  experience  a  decrease  in  breakdown  voltage. 

These  results  indicate  the  significant  impact  that  heat  treatments  had  on 
Au  and  Ag  contacts  to  p-ZnSe.  In  the  case  of  Au,  the  heat  treated  contacts 
demonstrated  that  the  introduction  of  deep  acceptor  levels  can  significantly 
reduce  the  reverse  bias  breakdown  voltage  of  metal/ZnSe  contacts. 
Surprisingly,  the  results  from  heat  treated  Ag  contacts  showed  that  despite  the 
smaller  work  function  of  Ag,  Ag/ZnSe  contacts  had  a  breakdown  voltage  which 
was  0.7  eV  lower  that  Au/ZnSe  contacts.  This  indicated  the  potential  of 
increasing  the  carrier  concentration  of  the  near  surface  region  of  nitrogen  doped 
p-ZnSe  by  co-doping  with  oxygen. 
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HaSe  Contacts 


X-Ray,  and  Auger  sputter  depth  analysis  confirmed  that  HgSe  was  formed 
using  a  new  ex-situ  process  discussed  above.  This  process  was  shown  to  start 
with  an  amorphous  Se  (a-Se)  capping  layer  deposited  on  a  p-ZnSe  sample  prior 
to  removal  of  the  sample  from  the  MBE  growth  chamber.  Heating  these  samples 
in  the  presence  of  Hg  vapor  produced  a  metastable  solid  solution  of  Hg  in  a-Se. 
Upon  heating  the  solid  solution  above  the  recrystallization  temperature  of  the  a- 
Se,  HgSe  precipitated  out  of  solution.  Sublimation  of  excess  Se  resulted  in  the 
formation  of  a  stoichiometric  HgSe  layer.  Cross  sectional  TEM  analysis  showed 
that  the  HgSe  contacts  formed  isolated  regions  which  were  epitaxed  to  the 
underlying  ZnSe  substrate. 

The  l-V  characteristics  of  the  contacts  were  found  to  be  rectifying,  similar 
to  in-situ  grown  HgSe  contacts  on  p-ZnSe  with  low  carrier  concentrations  (1x1017 
cm"3).  Temperature  dependant  l-V  measurements  showed  that  thermionic 
emission  dominated  conduction  in  HgSe/p-ZnSe  contacts  under  reverse  biases 
of  0  to  3  volts.  This  data  also  showed  that  the  valance  band  offset  for  the 
HgSe/p-ZnSe  contacts  was  0.55  eV.  For  higher  reverse  biases  (3  to  5  volts), 
therm  ionic  field  emission  was  found  to  dominate  conduction.  The  energy 
parameter  for  tunneling  (E00),  over  the  range  where  thermionic  fields  emission 
dominated,  was  found  to  be  0.007  eV. 
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Theoretical  modeling  of  the  contacts  agreed  with  the  experimental  results, 
showing  that  thermionic  emission  dominated  conduction  for  reverse  biases  of  0 
to  5  volts.  For  greater  reverse  biases,  thermionic  field  emission  was  calculated 
to  dominate.  The  higher  crossover  point  (5  volts)  in  the  theoretical  calculations, 
as  compared  to  the  experimental  value  (3  volts)  was  due  to  the  thermionic  field 
emission  equation  neglecting  the  effects  of  image  force  reduction. 

The  HgSe  contacts  were  also  found  to  be  unstable  at  temperatures  of  100 
°C.  During  the  temperature  dependant  measurements,  the  contacts  were  found 
to  experience  an  irreversible  increase  in  resistance  when  heated  to  1 00  °C  or 
above.  This  increase  in  resistance  was  postulated  to  result  from  a  loss  of  Hg 
from  the  HgSe  layer. 

This  work  confirmed  the  existence  of  a  valence  band  offset  between 
HgSe  and  ZnSe  and  determined  the  value  of  the  offset  to  be  0.55  eV.  This 
indicates  that  even  for  ZnSe  with  higher  carrier  concentrations,  a  significant 
impediment  to  charge  flow  exists  across  HgSe/p-ZnSe  interfaces.  Therefore, 
additional  modifications  such  as  the  ZnTe  interfacial  layers  described  by  Ren  et. 
Al.  [Ren94]  will  be  required  to  obtain  ohmic  contacts.  However,  the  ex-situ 
method  of  forming  HgSe  is  a  viable  method  of  producing  HgSe  contacts  for 
further  study.  It  is  a  much  less  hardware  intensive  process,  as  compared  to  in- 
situ  MBE  growth,  yet  produces  stoichiometric,  epitaxed  HgSe  contacts  with 
similar  electrical  properties. 


Multiquantum  Well  Contacts 
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The  l-V  data  from  multiquantum  well  contacts  degraded  under  high 
current  densities  (1000  to  1500  A/cm2)  showed  that  the  l-V  characteristics  of  the 
contacts  were  constant  until  an  abrupt  failure  occurred.  The  failure  uncured  due 
to  a  discontinuity  in  the  circuit  resulting  from  damage  on  the  surface  of  the  MQW 
structure.  The  damage  results  from  diffusional  processes  which  are  accelerated 
by  localized  heating,  at  the  point  that  the  electrical  probe  (used  to  supply  current 
during  degradation)  contacts  the  sample  surface.  The  localized  temperature  rise 
occurs  due  to  Joule  heating  from  the  high  current  densities  in  this  region  and 
may  have  a  magnitude,  as  discussed  below,  of  up  to  400  °C. 

The  Auger  sputter  depth  profiles  from  MQW  contacts  degraded  for  20 
min.  at  1500  A/cm2  and  a  heat  sink  temperature  of  1 10  °C  using  an  Au  probe 
provide  evidence  indicating  that  localized  heating  occurs  surrounding  the 
electrical  probe's  point  of  contact.  At  a  point  20  urn  from  the  probe's  point  of 
contact,  small  amounts  of  Zn  and  Te  had  diffused  to  the  sample  surface,  and  Pd 
had  alloyed  with  the  Au  layer.  The  diffusion  of  Zn  and  Te  as  well  as  alloying  of 
Pd  with  Au  were  found  to  have  progressed  to  a  greater  extent  at  a  distance  1 0 
urn,  and  even  more  still  at  0  um  from  the  probe's  point  of  contact.  This  shows 
that  the  localized  temperature  was  greater  closer  to  the  point  of  contact,  since 
these  reactions  are  exponentially  dependant  on  temperature. 
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The  effects  of  the  localized  temperature  on  the  MQW  structure  were 
studied  in  more  detail  on  samples  degraded  using  a  Cu  probe.  Auger  sputter 
depth  profiles  from  samples  degraded  for  0,  6,  and  90  minutes  at  1500  A/cm2 
and  a  heat  sink  temperature  of  1 10  °C  showed  that  alloying  Pd  and  Au 
progressed  with  longer  degradation  times.  In  addition,  Zn  and  Te  from  the  ZnTe 
layer  diffused  through  the  Au  layer  to  the  sample  surface.  These  data  indicated 
that  Zn  and  Te  continued  to  diffuse  until  the  ZnTe/ZnSe  quantum  well  was 
reached.  For  long  degradation  times  (90  minutes),  a  loss  of  Zn  from  the  ZnSe 
layer  was  observed,  which  was  postulated  to  diffuse  through  the  QW  region  to 
the  sample  surface.  Following  degradation  using  a  larger  probe  yielding  lower 
current  densities  (40  A/cm2  for  12  hours  with  a  heat  sink  temperature  of  1 10  °C) 
Zn  and  Te  were  still  found  to  have  diffused  to  the  sample  surface,  but  no  loss  of 
Zn  from  the  ZnSe  was  observed.  This  indicates  that  the  degradation  rate  of  the 
contact  structure  could  be  reduced  through  the  use  of  larger  electrical  contacts 
which  provide  a  better  distribution  of  current. 

The  degradation  was  also  slowed  by  reducing  the  heat  sink  temperature 
during  degradation.  For  samples  degraded  for  90  minutes  at  1000  A/cm2  and  a 
heat  sink  temperature  of  14  °C,  no  alloying  or  diffusion  was  observed  to  occur. 
While  cooling  the  structures  during  operation  is  not  a  desirable  alternative  to 
increase  the  lifetime  of  ZnSe  devices,  these  results  again  illustrated  the 
dependance  of  MQW  contact  degradation  on  temperature. 
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Measurement  of  the  localized  temperature  beneath  the  probe's  point  of 
contact  were  difficult  to  achieve.  A  thermocouple  mounted  on  the  end  of  the 
electrical  probe  indicated  that  localized  temperatures  during  the  initial  stages  of 
degradation  were  up  to  200  °C  greater  than  the  heat  sink  temperature.  Once  the 
heat  sink  warmed  up  and  the  temperatures  in  the  system  stabilized,  the 
maximum  localized  temperatures  were  150  °C  greater  than  the  heat  sink.  This 
yielded  a  maximum  localized  temperature  of  260  °C  for  heat  sink  temperatures 
of  110  °C. 

While  the  thermocouple  measurements  showed  a  localized  temperature 
rise,  these  values  are  still  believed  to  fall  short  of  the  actual  temperature  at  the 
probe's  point  of  contact.  Comparison  of  Auger  sputter  depth  profiles  from 
samples  heat  treated  at  200,  300,  and  400  °C  with  electrically  degraded  samples 
indicated  that  the  localized  temperatures  must  have  reached  between  300  and 
400  °C  to  produce  the  alloying  and  diffusion  observed  in  the  electrically 
degraded  samples.  At  lower  temperatures,  a  compound  appeared  to  form 
between  Pd  and  ZnTe  which  was  not  present  in  the  electrically  degraded 
samples. 

The  localized  temperatures  were  also  shown  to  cause  micro-cracks, 
which  formed  in  the  region  surrounding  the  electrical  probe's  point  of  contact. 
These  cracks  are  believed  to  have  formed  during  the  initial  stages  of 
degradation  when  the  heat  sink  was  cool  but  the  localized  temperatures  was 
increasing  rapidly,  and  the  thermal  gradients  were  at  their  greatest.  Stresses  of 


194 

53  MPa  were  calculated  to  result  from  these  thermal  gradients,  which  were 
sufficient  to  cause  crack  propagation.  The  cracks  were  observed  to  intersect  the 
sample  surface  (which  is  the  (100)  plane)  along  the  <1 10>  directions,  and  were 
believed  to  lie  on  the  {110}  cleavage  planes.  For  samples  degraded  using  Cu 
probes,  these  cracks  were  found  to  act  as  high  diffusivity  paths  for  impurities  (Cu 
atoms)  to  diffuse  into  the  contact  structure.  The  Cu  diffusion  was  observed  to 
cause  significant  damage  to  the  contact  structure,  due  to  micrometer  thick 
regions  of  Cu  forming  at  the  ZnSe/GaAs  interface. 

Rectangular  defects  were  also  found  to  form  on  the  degraded  sample 
surfaces  which  were  oriented  to  the  micro-cracks.  These  defects  were  1  to  5  urn 
in  size  and  500  to  1000  nm  high.  The  rectangular  geometry  and  orientation  of 
these  features  to  the  micro-cracks  resembled  the  dislocation  patches  (referred  to 
as  dark  line  defects)  which  form  in  the  QW  region  of  degraded  ZnSe  based 
diode  lasers.  This  suggests  the  possibility  that  patches  of  dislocations  also  form 
in  the  quantum  well  region  of  the  MQW  contacts. 

Due  to  the  large  amount  of  Zn  diffusing  to  the  surface  of  the  electrically 
degraded  samples,  post  degradation  surface  reactions  were  observed  to  occur. 
The  Zn  initially  formed  a  ZnO  layer  upon  diffusing  to  the  sample  surface. 
However,  after  several  week  to  several  months,  the  ZnO  reacted  with  residual 
C02  and  formed  ZnC03  crystals.  The  driving  force  for  the  formation  of  ZnC03 
was  the  difference  in  free  energy  between  ZnO  (-320  Kcal/mol)  and  ZnC03  (-731 
Kcal/mol). 
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In  conclusion,  the  degradation  studies  of  MQW  contacts  showed  that 
localized  Joule  heating  (generated  under  high  current  densities)  led  to 
dissociation  of  the  ZnTe  region  and  diffusion  of  Zn  and  Te  to  the  sample  surface. 
For  longer  degradation  times,  Zn  from  the  ZnSe  regions  also  diffused  to  the 
sample  surface,  leaving  behind  nonstoichiometric  ZnSe.  The  localized  heating 
was  also  shown  to  result  in  the  formation  of  micro-cracks  which  acted  as  high 
diffusivity  paths  for  impurity  atoms.  The  implications  from  this  work  for  ZnSe 
based  QW  lasers  are  that  the  combination  of  localized  heating  and  micro- 
cracking  will  accelerate  the  formation  of  DLDs  by  providing  high  diffusivity  paths 
for  impurities  and  increasing  the  impurities'  rate  of  diffusion. 


CHAPTER  7 
FUTURE  WORK 

The  following  chapter  proposes  additional  work  to  be  performed  in  the 
study  of  electrical  contacts  to  p-ZnSe  based  on  the  review  of  the  literature  and 
the  results  presented  in  this  dissertation 

Au  and  Ag  Contacts 

The  most  significant  continuation  of  the  work  performed  on  the  Au  and  Ag 
contacts  would  be  a  further  study  of  the  effects  of  oxygen  as  a  co-dopant  in 
nitrogen  doped  p-ZnSe.  The  goal  of  this  work  would  be  to  characterize  the 
defect  states  generated  by  oxygen  in  nitrogen  doped  p-ZnSe.  These 
experiments  would  begin  by  fabricating  Ag/p-ZnSe  contacts  as  described  in  the 
experimental  setup  section  of  chapter  3.  To  control  the  oxygen  content  in  the 
contacts,  the  argon  used  to  backfill  the  sputter  system  during  the  deposition  of 
Ag  would  be  replaced  with  by  an  argon/oxygen  mixture.  By  varying  the  ratio  of 
argon  to  oxygen,  the  amount  of  oxygen  incorporated  into  the  contacts  could  be 
controlled. 
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Electrical  characterization  of  the  contacts  as  a  function  of  the 
argon/oxygen  ratio  would  provide  additional  data  regarding  the  relation  between 
the  reverse  bias  breakdown  voltage  of  Ag/ZnSe  and  interracial  oxygen.  More 
importantly,  characterization  of  the  contacts  by  photoluminescence 
measurements  would  identify  if  interfacial  oxygen  generated  defect  states  in  the 
ZnSe  surface  region,  similar  to  the  shallow  (80  meV)  acceptor  levels  reported  by 
Akimoto  et.  Al.  [Aki89b].  Wet  chemical  etching  of  the  Ag  layer  from  the  sample 
surface  would  expose  the  surface  region  of  the  ZnSe,  allowing 
photoluminescence  measurements  to  be  performed  on  the  exposed  area.  Note 
that  similar  experiments  would  verify  the  deep  550  meV  acceptor  levels 
generated  by  Au  diffusion  into  the  Au/ZnSe  contacts. 

HgSe  Contacts 

The  results  from  the  HgSe  contacts  show  that  the  ex  situ  formation 
process  is  a  viable  method  of  forming  HgSe  contacts.  However,  while  the 
valence  band  offset  between  HgSe  and  ZnSe  is  less  than  that  of  metal  contacts, 
it  is  still  large  enough  to  prevent  ohmic  behavior.  Ren  et.  Al.  [Ren94]  reported 
that  in  situ  contacts  were  significantly  improved  by  depositing  a  100  A  interfacial 
layer  of  ZnTe0  2Se0  8.  Deep  levels  in  this  heavily  doped  layer  reportedly  led  to 
resonant  tunneling,  yielding  ohmic  behavior.  Therefore,  ex  situ  formed  contacts 
should  also  be  improved  by  the  addition  of  a  ZnTeSe  interfacial  layer. 
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The  formation  of  these  contacts  would  begin  as  described  by  Ren  et.  al. 
[Ren94].  In  this  work,  Ren  grew  ZnSe  and  ZnTe02Se08  layers  in  a  single  MBE 
system,  then  capped  them  with  Se  for  transfer  to  a  second  MBE  system.  To 
further  study  the  ex  situ  contacts,  similar  structures  would  be  grown,  except  they 
would  not  be  transferred  to  the  second  MBE  system  for  HgSe  growth.  Instead, 
HgSe  would  be  formed  on  the  Se  capped  samples  by  the  ex  situ  process 
outlined  in  chapter  4.  The  formation  of  HgSe  without  the  use  of  a  second  MBE 
system  would  represent  a  significant  reduction  in  required  equipment  and 
processing  complexity. 

Patterning  of  the  contacts  could  be  accomplished  by  one  of  two  methods. 
First,  by  placing  a  shadow  mask  between  the  sample  and  effusion  cells,  in  the 
MBE  system,  after  the  growth  of  the  ZnSe.  This  would  result  in  the  growth  of 
independent  mesa  structures  consisting  of  ZnTe02Se08  and  Se  layers.  The  ex 
situ  reaction  process  should  form  HgSe  from  the  Se  capping  layers  on  each 
mesa.  Using  this  method,  care  would  have  to  be  taken  to  identify  if  any 
reactions  occur  on  the  exposed  ZnSe  regions  between  the  mesas.  A  second, 
more  standard  approach  would  be  to  etch  mesa  structures  in  to  the  sample 
following  the  growth  of  the  ZnSe,  ZnTe0  2Se0  8  layers  and  ex  situ  formation  of 
HgSe. 

By  repeating  the  temperature  dependant  l-V  measurements  on  the 
contacts  with  the  ZnTeSe  interfacial  layer,  the  activation  energy  for  tunneling 
through  the  interfacial  layer  would  be  determined.  This  would  serve  as  a 
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measure  of  comparison  between  the  samples  with  and  without  the  interfacial 
layer.  Provided  the  contacts  yielded  ohmic  behavior,  as  in  the  in  situ  case, 
transmission  line  measurements  could  be  used  to  determine  the  specific 
contacts  resistance  of  HgSe/ZnTe02Se08/ZnSe  contacts.  This  would  act  as  a 
measure  of  comparison  between  these  contacts  and  multiquantum  well  contacts. 

Multiquantum  Well  Contacts 

In  chapter  5  of  this  dissertation,  MQW  contacts  were  studied  to  identify 
degradation  mechanisms  and  potential  links  between  contact  degradation  and 
the  degradation  of  ZnSe  based  LEDs  and  laser  diodes.  The  work  was  limited  to 
studying  structures  which  consisted  of  MQW  contacts  on  ZnSe  epilayers,  but 
without  an  active  light  emitting  region.  This  configuration  was  chosen  so  that  an 
in  depth  study  of  the  contact  structure  alone  could  be  performed.  The  results 
indicated  solute  and  solvent  diffusion  as  well  as  micro-crack  formation  occur  in 
the  degraded  contacts,  all  of  which  were  postulated  to  accelerate  the 
degradation  of  LEDs  and  laser  didoes. 

Based  on  these  results,  continuing  studies  should  be  performed  to  directly 
observe  the  effect  of  MQW  contact  degradation  on  ZnSe  diode  structures.  This 
work  could  be  performed  by  repeating  the  high  current  electrical  degradation, 
described  in  the  experimental  setup  section  of  chapter  4,  on  samples  which 
consist  of  a  MQW  contact  on  ZnSe  based  single  QW  laser  structures.  SEM  and 
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AFM  images  of  the  sample  surfaces  following  degradation  could  be  used  to 
identify  any  micro-cracks  formation  and  Auger  depth  profiles  could  be  used  to 
indicate  any  diffusion  of  solute  or  solvent  atoms  through  the  structure. 

In  chapter  5,  the  problem  of  micro-cracking  was  alleviated  by  increasing 
the  size  of  the  electrical  probe  used  to  supply  power  during  electrical 
degradation.  However,  the  diffusion  of  Zn  and  Te  from  the  ZnTe  layer  was 
observed  to  be  a  more  persistent  problem  which  occurred  even  with  the  large 
area  silver  paint  contacts.  Therefore,  further  research  should  be  aimed  at 
identifying  methods  to  prevent  the  diffusion  of  these  species. 

The  Au/Pd  metallization  has  been  shown  to  produce  contacts  to  ZnTe 
with  low  specific  contact  resistances  and  has  been  readily  incorporated  into  the 
MQW  contacts.  However,  Ozawa  et.  al.  [Oza93]  indicates  that  Pd  is  disruptive  to 
ZnSe  and  was  incorporated  into  the  contacts  to  increase  the  reactivity  between 
the  Au  and  ZnTe  layers.  Therefore,  the  degree  of  reactivity  between  Pd  and 
ZnTe  should  be  studied  to  determine  if  reactions  between  Pd  an  ZnTe  are 
leading  to  the  large  amounts  of  Zn  and  Te  diffusing  out  of  the  contact  structure. 

The  reaction  between  Au/Pd  and  ZnTe  metllizations  should  begin  with 
samples  fabricated  by  depositing  a  Pd  layer,  followed  by  an  Au  layer  onto  ZnTe 
substrates.  The  ratio  of  Au  and  Pd  layer  thicknesses  should  be  varied  to  provide 
a  matrix  of  samples.  In  order  to  keep  the  results  relevant  to  the  device 
structures,  the  range  of  the  Pd  layer  thickness  should  be  between  ~  0  and  300 
A,  while  the  Au  layer  should  be  between  ~  0  and  3000  A.  Since  the  results  in 
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chapter  5  indicated  that  the  diffusion  of  Zn  and  Te  was  primarily  a  thermally 
activated  process,  the  samples  could  be  heat  treated  as  opposed  to  electrically 
degraded.  The  heat  treatment  range  should  vary  between  0  and  500  °C.  Auger 
depth  profiles  could  then  be  used  to  identify  compositonal  profiles  through  the 
heat  treated  structures  and  cross  sectional  TEM  analysis  would  provide  detailed 
information  concerning  compound  or  defect  formation. 

Additional  experimental  work  which  would  be  important  to  understanding 
the  degradation  of  MQW  contacts  would  be  plan  view  TEM  analysis  of  the 
degraded  MQW  contacts  in  the  region  where  the  rectangular  raised  features 
were  observed.  As  indicated  in  the  discussion  section  of  Chapter  5,  the 
similarity  between  the  rectangular  features  oriented  about  the  micro-cracks  and 
DLDs  in  degraded  laser  structures  suggest  that  dislocation  patches  may  be 
forming  in  the  quantum  well  region  of  the  MQW  contacts.  Plan  View  TEM 
images  were  used  by  Hovinen  et.  al.  [Hov95]  and  Hua  et.  al.  [Hua94]  to  identify 
the  dislocation  patches  in  degraded  laser  structures.  Therefore,  similar  plan 
view  TEM  analysis  could  be  used  on  electrically  degraded  samples  (as 
described  in  the  experimental  setup  section  of  chapter  5)  to  characterize  defect 
formation  in  the  region  of  degraded  MQW  contacts  containing  raised  rectangular 
features.  This  would  verify  to  origin  of  the  rectangular  features  and  potentially 
identify  additional  relationships  between  the  degradation  of  MQW  contacts  and 
the  active  region  of  light  emitting  devices. 
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